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THE CITY UNIVERSITY OF NEW YORK

ABSTRACT

Synthesis and Characterization of Multifunctional Transition Metal Oxide Nanoparticles through
a Modified Sol-Gel Method with Application in Energy Storage: A Case Study
By
Julien Lombardi

Advisor: Stephen O’Brien
The Synthesis of transition metal oxide nanoparticles has been studied in great detail over
the many years. The most studied transition metal oxide nanoparticles are perovskites of the ABO3
stoichiometry (A and B = transition metal) and more recently double perovskite crystal structures
of the AA’BO6 or ABB’O6 stoichiometry due to the many different properties arising from the
many different combinations of elements possible. These materials have proven potentially useful
in many fields, but due to properties such as ferroelectricity and ferromagnetism, the desire to
integrate these materials into electronics is ever growing. Many synthesis techniques require a high
temperature (>800°C) calcination step that can prove troublesome for device integration. Here, a
modified sol-gel synthesis was used in order to lower the calcination temperature to synthesized
uniform

nanocrystalline

x[BaNi0.5Nb0.5O3-]x

multifunctional

transition

metal

oxides

KNbO3,

[KNbO3]1-

(where x = 0.1-0.3), BaTiO3, Ba(Ti1-xFex)O3 (where x = 0.1-0.75, and 1.0),

BaNbTiO6, and BaTaTiO6.
A chemical solution processing method based on sol-gel chemistry was used to obtain a
set of perovskite compounds of the formula KNbO3, and [KNbO3]1-x[BaNi0.5Nb0.5O3-]x, called
KBNNO, a class of visible light absorbing ferroelectric photovoltaic materials, with a tunable
bandgap as a function of x. The materials produced were fully crystallized with average
iv

nanoparticle sizes of 15-20 nm (KNO) and 20 nm (KBNNO). Control over the composition of
KBNNO was based on the synthesis of nanocrystalline potassium niobate KNbO3 (KNO) via
potassium and niobium ethoxides, with subsequent chemical reaction of complimentary barium
and nickel alkoxides and methoxyethoxides. Characterization by Raman, TEM, SEM, XRD, and
EDS confirms structure and composition. Following the introduction of Ba and Ni, a transition
from the original orthorhombic Amm2 unit cell (x = 0) to a more complex atomic arrangement in
cubic Pm3m (x > 0.1) is observed. This synthetic route to KBNNO, previously only synthesized
by solid state processing at 1050-1200 °C, provides a lower temperature (< 525 °C) approach to
doping ferroelectric KNbO3 with Ba and Ni, which inserts Ba2+ onto the A-site, and Ni2+ onto the
B-site with the addition of oxygen vacancies for charge compensation. Frequency dependent
dielectric measurements, performed on KNO-PFA (poly furfuryl alcohol) and KBNNO-PFA
nanocomposites, show stable effective dielectric constants of 41.2, 70.8, 94.0, and 108.3 for KNO,
KBNNO x = 0.1, 0.2, and 0.3 respectively at 1 MHz. Using full error analysis and the modified
interphase model, a Maxwell-Garnett based micromechanics approach, the dielectric constant of
the individual nanoparticles of KNO, KBNNO x = 0.1, x = 0.2, and x = 0.3 were calculated to be
154, 180, 225, and 255 respectively. The decrease in observed values relative to bulk films is
attributed to a potential particle size suppression of the ferroelectric behavior.
A series of iron-substituted barium titanate nanocrystals (BaTi1−xFexO3) were synthesized
at 60°C using a hybrid sol−gel chemical solution processing method. No further
crystallization/calcination steps were required. The as-prepared nanocrystals were fully
crystalline, uniform in size (∼8 nm by TEM), and dispersible in polar organic solvents, yielding
nanocrystal/alcohol formulations. Complete consumption of the reactant precursors ensures
adequate control over stoichiometry of the final product, over a full range of x (0, 0.1 to 0.75, 1.0).
Pair distribution function (PDF) analysis enabled in-depth structural characterization (phase, space
group, unit cell parameters, etc.) and shows that, in the case of x = 0, 0.1, 0.2, 0.3, BaTiO 3, and
BaTi1−xFexO3 nanocrystals, it is concluded that they are tetragonal noncentrosymmetric P4mm
with lattice parameters increasing from, e.g., c = 4.01 to 4.08. XPS analysis confirms the presence
of both Fe3+(d5) and Fe4+(d4), both candidates for multiferroicity in this system, given certain spin
configurations in octahedral field splitting. The PDF cacluated lattice expansion is attributed to
Fe3+(d5, HS) incorporation. The evidence of noncentrosymmetry, lattice expansion, and XPS
conformation of Fe3+ provides support for the existence of multiferroicity in these sub 10 nm
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uniform dispersed nanocrystals. For x > 0.5, Fe impacts the structure but still produces dispersible,
relatively monodisperse nanocrystals. XPS also shows an increasing amount of Fe4+ with
increasing Fe, suggesting that Fe(IV) is evolving as charge compensation with decreasing Ti4+,
while attempting to preserve the perovskite structure. A mixture of Fe3+/Fe4+ is thought to reside
at the B site: Fe4+ helps stabilize the structure through charge balancing, while Fe3+ may be
complimented with oxygen vacancies to some extent, especially at the surface. The structure may
therefore be of the form BaTi1−xFexO3‑δ for increasing x. At higher concentrations (Fe > 0.5) the
emergence of BaFeO3 and/or BaFe2O4 is offered as an explanation for competing phases, with
BaFeO3 as the likeliest competing phase for x = 1.0. Because of the good dispersibility of the
nanocrystals

in

solvents,

xFexO3/polyvinylpyrrolidone

spin

coating

of

uniform

0−3

nanocomposite

BaTi1-

thin film capacitors (<0.5 μm) was possible. Frequency dependent

dielectric measurements showed stable dielectric constants at 1 MHz of 27.0 to 22.2 for
BaTi1−xFexO3 samples for x = 0−0.75, respectively. Loss tangent values at 1 MHz were ∼0.04,
demonstrating the ability to prepare capacitors of magnetic Ba(Ti1−xFex)O3 with relatively high
permittivity. Magnetic characterization by MPMS (both magnetic hysteresis loops and zero field
and field cooling measurements) showed increased magnetization with increasing Fe ion
concentration. Weak magnetic coercivity and a small remanence magnetization is observed (<5
K),

implying

a

weak

ferromagnetic

state

at

low

temperatures

(<5

K).

The synthesis of the nanocrystalline double perovskites Ba2NbTiO6 and Ba2TaTiO6
through a hybrid sol-gel synthesis followed by a solvothermal step at 200°C was accomplished.
The powder XRD measurements show that a single phase nanocrystalline material was produced.
Through TEM images it was confirmed that the material has a size range of 10-30 nm single
crystalline nanoparticles. XPS measurements confirm the presence of Nb5+ and Ta5+ oxidations
states throughout the material. Raman spectroscopy confirms that the material is polarizable and
has a phase transition to a cubic crystalline structure between 270 and 300°C for both materials.
0-3 nanocomposites were made using polyfurfuryl alcohol (PFA) and the nanocrystalline powders.
The effective dielectric measurements show high permittivity (~50) over a wide range of
frequencies (200 Hz-2 MHz) and low dielectric loss tangent (<0.05) over the same range of
frequencies indicating a possible ferroelectric phase.
The research presented in this thesis was supported by the National Science Foundation under
awards DMR-1461499 and HRD-1547830.
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Synthesis and Characterization of Multifunctional Transition Metal Oxide Nanoparticles through
a Modified Sol-Gel Method with Application in Energy Storage
1

Overview of Transition Metal Oxide nanoparticles:
Transition metal oxides have been studied in many fields across many disciplines for their

various applications in devices and medicine. This is in no doubt due to the many properties that
these materials hold, both crystalline and amorphous. Scientists have explored many different
synthesis methods from solid state methods that require high temperatures and result in
thermodynamically stable products, to wet chemistry approaches that can provide more control
over the final product. Transition metal oxides have been used in every field from medicinal
delivery nanoparticles [1] to multiple-state memory storage devices [2].
While the properties of these materials have been well studied in the field of dielectrics,
challenges such as developing an alternative to high temperature ceramic processing still arise
when developing a material for device integration. Unlocking the true potential of these types of
materials (i.e. a material that is easy and cheap to make and the synthesis of which can be scaled
to the industrial level) is no easy feat, but with properly designed synthesis methods, the same
properties can be achieved at lower temperatures which can open up the possibilities of flexible
electronics and novel device fabrications [3].
Designing a synthesis procedure that allows for use of molecular precursors and solution
processing can offer new and novel chemical reaction pathways. Control over stoichiometry to
allow precise control over the magnitude that various properties such as ferromagnetism and
ferroelectricity can emerge or be suppressed is at the forefront of the inspiration for the research
in this thesis. Synthesis at lower temperatures through chemical processing routes can possibly
create a different avenue for device fabrication which in turn can open up the possibility of making
different form factor devices. Being on the nanoscale can also aid in the miniaturization of devices.
The primary focus of this thesis is to synthesize and characterize multifunctional transition
metal oxides for use in energy storage and integration in electronic devices. This is no simple task
and thus required many years of work and the collaboration of many scientists. The end result are
three projects where multifunctional nanoparticles were synthesized and characterized
successfully.
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1.1

Perovskite Structure and Functionality:
The basis of the three projects that will be explained in depth in this thesis is the class of

crystal known as the perovskite crystal structure. The perovskite mineral (CaTiO3) was discovered
in 1839 by Gustav Rose and was named after the Russian mineralogist Lev Perovski. The general
formula for a perovskite is ABO3 where A is usually an alkali metal or an alkali earth metal, that
counter balances the B site ion which is usually a transition metal in an oxygen octahedron, hence
the O3 in the formula. In the ideal form the crystal structure is formed by corner shared [BO6]
octahedron with the A cation occupying the 12-fold coordination site formed in the middle of the
cube of eight octahedra [4]. The reason this crystal structure is so often studied is the wide variety
of properties perovskites can have. Through careful manipulation of the composition of the A and
B site atoms, through doping and substitution, the perovskite structure can be used in many
different

applications

such

as

catalysis,

capacitors,

non-linear

optical

applications,

magnetorestrictive applications, spintronics, and even superconductor applications [4].
This wide amount of properties that fall under the umbrella of the perovskite structure are
only possible because of the structure’s ability to encompass a wide range of different
compositions due to the large number of ions that have high substitutional solubility in both the A
and B cation sites. The large number of ions that can be substituted into the perovskite structure is
due to the possible configurations of ions in the A and B sites that are counter-balancing the O3
total charge of -6. There are three general different combinations of valences that are stable in the
perovskite structure: A1+B5+O3, A2+B4+O3, and A3+B3+O3. Examples of these structures include
KNbO3 [5], BaTiO3 [6], and AlYO3 [7]. All of these compositions can be made stable in
compositions that are “off-stoichiometry” that induces oxygen vacancies that can affect the
electrical properties [8,9].
The high stability of the perovskite structure allows for highly complex charge
compensated compositions to form. Through partial substitution or doping at either the A or B site
cation, it is possible to create more complex perovskites with multiple properties or
multifunctionality. Two ions split the occupancy of either the A or the B site and must average out
to the appropriate charge for that site according to the valences listed above. Two examples that
will be described in great detail in this thesis are [KNbO3]1-x[BaNi0.5Nb0.5O3-]x, KBNNO, where
x can vary from 0.1-0.5 [10,11] and BaFexTi1-xO3, BFT, where x can vary from 0.1-1.0 [12].
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Figure 1: The perovskite structure of BaTiO3, Ti is in the O octahedron.

1.1.2 Double Perovskite Structure and Functionality:
Double perovskites differ from perovskite in that they have twice the A site ions or twice
the amount of B site ions, which is the origin of the term “double” in the name. They have the
general formula of AA’BO6 or A2BB’O6 where A and B draw from the same pool of ions as
perovskites do, alkali metals, alkali earth metals, and transition metals. Both A and A’ and B and
B’ are different ions that occupy the same site in the crystal lattice. Similar to regular perovskite
structures, double perovskites have corner shared octahedron of B-site ions, however having two
different B-site ions in B and B’, they adopt a rock salt type orientation where there are alternating
B and B’ octahedron. As mentioned above, regular perovskite structures are host to a wide variety
of desirable properties such as ferroelectricity and ferromagnetism, double perovskites provide a
wide variety of properties as well and show strong potential in the field of spintronics [13] anodes
in solid-oxide fuel cells [14] catalysis, and gas storage [15].
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Figure 2: Crystal structure of the double perovskite SrFeMoO6 showing alternating
octahedron of Fe and Mo in the rock salt formation.

1.1.3 Piezoelectricity:
Piezoelectricity is a property of a crystalline solid with no inversion symmetry. When
mechanical stress is applied to a piezoelectric material, electrical charge will accumulate within
the material. This effect is reversible in that, within the same material physical distortion of the
crystalline material will be observed in an applied external electric field. When the piezoelectric
effect is referenced, it is actually referring to the proportional electric polarization that is formed
in response to a strain caused by an applied stress to a material. The piezoelectric effect was
discovered by Pierre and Jacques Curie in 1880 while investigating the charge build up in quartz
while applying mechanical stress, or pressure, to the crystal [16]. The piezoelectric effect and
reverse process are also known as the direct and indirect piezoelectric effect, respectively.
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Figure 3: (a) Direct piezoelectric effect (blue cylinder indicates a piezoelectric material)
(b) Indirect piezoelectric effect. Adapted from [17]

In figure 1 (a) shown above, the direct piezoelectric effect is demonstrated in that the
material is under stress, X, and this results in the material generating a voltage that drives a current.
In figure 1 (b) the indirect piezoelectric effect is observed in that the piezoelectric material is in an
external applied electric field which causes strain on the material forcing it to distort. Piezoelectric
materials, particularly crystalline ceramics, have many applications due to these properties
(sensors, actuators, ultrasonic devices, generators, etc.).
In some bulk solid systems, applied stress in one direction can induce a polarization in
other directions, however in piezoelectric materials, the polarization is linearly proportional to the
applied stress through the piezoelectric coefficient. Engineers are familiar with the most common
mechanical constitutive equation, Hooke’s Law, which can be written as follows:
𝑆 =𝑠∗𝑇
Where S is the strain, s is the compliance, and T is the stress, respectively, applied to a material.
Because piezoelectric materials are concerned with electrical properties as well, we must consider
a constitutive equation for common dielectrics.
𝐷 = Ɛ∗𝐸
Where D is the charge density, Ɛ is the permittivity of the material, and E is the applied electric
field, respectively. In order to describe piezoelectricity mathematically, one must couple the
equations.
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𝑆 = 𝑠𝐸 ∗ 𝑇 + 𝑑 ∗ 𝐸
𝐷 = 𝑑 ∗ 𝑇 + Ɛ𝑇 ∗ 𝐸
Where d is the matrix that contains the piezoelectric coupling terms and is not included for brevity.
Knowledge of the material’s mechanical properties, electrical properties, and piezoelectric
coupling properties are necessary in order to describe and model piezoelectric materials.

1.1.4 Ferroelectricity:
Ferroelectricity is a property in which a material has a spontaneous reversible electrical
polarization when the material is put into an external electric field. The name is an analog of the
property ferromagnetism due to its similarities, but ferromagnetism will be described in the next
section. An important differentiation must be made at this point between piezoelectric materials
and ferroelectric materials as there are overlapping crystalline structures at play. While all
ferroelectrics can be classified as piezoelectrics, not all piezoelectrics can be classified as
ferroelectrics. Because all ferroelectrics are also piezoelectric, it may be apparent that
ferroelectricity can enhance the characteristics of the piezoelectric effect. For instance, the
spontaneous polarization in an external electric field can further distort the crystalline structure
and increase the amount of strain on the material, or vice versa, the stress applied to the material
that is ferroelectric (and therefore piezoelectric) can increase the polarization of the material. This
important coupling between the two properties has led to ferroelectric materials becoming widely
used in applications that piezoelectrics are used for (stated above). That being said, there are only
a few crystallographic point groups that can be classified as ferroelectric as shown in table 1 below.
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Table 1: Piezoelectric and Ferroelectric crystallographic point groups. Piezoelectric point groups
are highlighted in green, ferroelectric point groups are highlighted in yellow. Adapted from [18].
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Table 1 above shows the crystal groups that are piezoelectric as well as the ferroelectric
crystallographic point groups. There is a total of 32 possible crystallographic point groups,
however when classifying piezoelectric and ferroelectric point groups, 11 of the 32 can be
eliminated from the classification due to the presence of a center of symmetry. Of the noncentrosymmetric crystallographic point groups, 11 more of them (highlighted in green in table 1)
do not qualify as ferroelectric (but are piezoelectric) because they are classified as non-polar point
groups. In summary, the point group must be both polar and non-centrosymmetric in order to be
classified as a ferroelectric crystal.
Ferroelectricity is dependent on the crystallographic point group as stated above, but the
crystallographic point group of a material is usually dependent on temperature. This is nicely
illustrated by a ferroelectric material that is studied and is the basis of the research of this thesis,
BaTiO3. Like most crystalline materials, BaTiO3 undergoes phase transitions at elevated
temperatures as shown in figure 4 below.
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Figure 4: The four crystal structures of BaTiO3.

BaTiO3 is in a high symmetry rhombohedral ferroelectric phase below -90C, transitions
to an orthorhombic ferroelectric phase between -90C-0C, then to a tetragonal ferroelectric phase
between 0C-130C, and then to a low symmetry cubic paraelectric phase [19]. As shown in figure
4 above, in the ferroelectric phases (rhombohedral, orthorhombic, and tetragonal) the Ti atom is
off center within the oxygen octahedron. However, in the cubic paraelectric phase of BaTiO3, the
Ti atom is centered within the oxygen octahedron and is not polarizable. The temperature at which
a material transitions from ferroelectric to non-ferroelectric is known as the Curie point or Curie
temperature (Tc) aptly named after the renowned scientist Pierre Curie for his work showing that
magnetism was lost at certain critical temperatures in materials.
The intensity of the ferroelectricity in a material is determined by the degree of
polarization, or polarizability of a material. Similar to ferromagnetism (which will be discussed in
the next section) regions with oriented polarization vectors will align to form sub-grain boundary
regions known as domains. Of course, with any real system, not everything is perfect, so there will
be domains in which the polarizations do not align, these domains could be in any orientation, but
in the case of BaTiO3, there are domains that are oriented 180 from each other in order to
minimize the inherent depolarization field. There are also 90 domain boundaries that form in
order to reduce mechanical stress introduced during the cooling transition from the paraelectric
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cubic phase to the ferroelectric tetragonal phase at 120C [19]. The interface of two polarization
domains that differ is known as a domain wall. Before an external field is applied there is a
randomization of the domains. However, once an external electric field is applied to the material,
the domains align in a direction according to the electric field. Ferroelectricity is a reversible
property (similar to how piezoelectricity is reversible) in that the material will orient itself and
polarize in the direction of the external electric field. This is evident and measurable through what
is known as a ferroelectric hysteresis loop or measurement. This measurement applies a field in
one direction and measures the material’s degree of polarization, until saturation, then switches
the direction of the electric field and makes the same measurement as shown in figure 3 below.

Figure 5: Model ferroelectric hysteresis loop.

The important values that can be obtained in a ferroelectric hysteresis loop are the remanent
polarization, Pr, the coercive field, Ec, and the spontaneous polarization, or the maximum
saturation polarization at a high electric field, Ps. The remanent polarization is the intercept at the
y-axis of the plot (both positive and negative values have significance) and determines the
ferroelectric strength as this is the value in which the external electrical field has been removed,
and the value of the remaining polarizations is determined. The coercive field is the value
determined at the x-axis intercept of the plot (both positive and negative values have significance),
this value determines the energy required to reorient the polarization vectors in domains. The
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polarization saturation point is linearly extrapolated at the maximum value (both positive and
negative) of the hysteresis loop.

1.2

Dielectric Materials and the Parallel Plate Capacitor:
A dielectric material is a broader class of ferroelectrics that is an electrically insulating

material. Dielectric materials can be polarized by an applied electric field, similar to ferroelectric
materials. Because these materials are electrically insulating and polarize with an applied electric
field, electric charges do not flow through these materials like they would in an electrical conductor
such as a metal. The charges do however, slightly shift from their average equilibrium positions
causing the polarization. The positive charges are displaced in the direction of the applied electric
field, while the negative charges shift in the opposite direction [20]. The degree to which the
dielectric material can polarize determines, in part, how much energy it can store. Polarization is
dependent on two values, the electric susceptibility of the dielectric material, and the applied
electric field. The polarization of a dielectric material can be represented by the following
equation:
𝑃 = 0 𝑒 𝐸
Where e is the electrical susceptibility of the dielectric material, E is the applied electric field,
and 0 is the permittivity of free space and is a constant value of 8.854 × 10-12 m-3 kg-1 s4 A2.
The most common application of dielectric materials is in capacitors in electronic circuits.
A capacitor is a passive device that stores energy in its electric field (by using a dielectric material)
and returns the energy by discharging the dielectric material whenever required. The most
simplistic way to understand how a capacitor works is by using the parallel plate capacitor model.
The parallel plate capacitor consists of two (parallel) conducting plates which are separated by an
electrically insulating material, known as the dielectric.
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Figure 6: Schematic of a parallel plate capacitor where two parallel conducting plates are
separated by a dielectric material, usually a transition metal oxide. Adapted from [21]

When a capacitor is connected to a circuit with a direct current (DC) source, there are two processes
that it can undergo, charging and discharging. When the capacitor is connected to the DC power
supply and current is flowing through the circuit, both plates get an equal and opposite charge
which creates an increasing potential difference, Vc, which is when the capacitor is charging. The
capacitor is said to be fully charged when the voltage at the terminals of the capacitor, Vc, is equal
to that of the power supply voltage. At this point, the capacitor is equivalent to an open-circuit
where the resistance, R = , this meaning that no more current is flowing through it.
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Figure 7: Schematic of a charging capacitor.

In figure 7, the capacitor is connected to the DC power supply and current flows through the circuit.
Both of the parallel plates connected to the circuit separated by the dielectric get an equal and
opposite charge and an increasing potential difference, Vc is created while the capacitor is
charging. Once Vc = V, the capacitor is fully charged and the current stops flowing through the
circuit.
When the capacitor is disconnected from the power supply, the capacitor is in the
discharging phase. This is when the capacitor will discharge the stored energy through the
connected resistor (RD in figure 8 below). The voltage between the plates drops down gradually to
zero, Vc = 0.
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Figure 8: Schematic of a discharging capacitor.
A dielectric material’s ability to store energy is known as the capacitance. This value can
vary with number of different variables, which is why many scientists refer to the dielectric
constant as a more definitive measure of a dielectric material’s ability to store energy. As we will
see later in this thesis, the dielectric constant of a material is not exactly a constant as it does vary
with alternating current (AC) frequency and temperature. That being said, the dielectric constant
of a material can be extrapolated using the following equation:
𝐶=

𝐴
𝑑

=

𝑟 0 𝐴
𝑑

Where C is the capacitance, r is the intrinsic dielectric constant of the dielectric material in the
parallel plate capacitor, 0 is the permittivity of free space, A is the cross sectional-area of the
electrode plates, and d is the thickness of the dielectric material.

13

1.2.1 Magnetism in Solids:
As with many physical properties that compounds, elements, and solids have, magnetism
is governed by the electron. This is because each electron has a quantum mechanical spin, that
creates a magnetic dipole, and thus, each electron can be treated like a “tiny magnet”. This quantum
mechanical spin can only be in one of two states at any given moment, either “up” or “down” spin.
The quantum mechanical spin coupled with the orbital angular momentum of the electron are what
gives rise to magnetism in solids [22]. There are five ways that the magnetic behavior of materials
can

be

described:

diamagnetic,

paramagnetic,

ferromagnetic,

ferrimagnetic,

and

antiferromagnetic.
Diamagnetism is usually a very weak form of magnetism, and a diamagnetic material is
one which has no net magnetic moment. This lack of a magnetic moment is due to all of the
electron orbital shells being filled and thus having no unpaired electrons. However, when an
external magnetic field is applied to a diamagnetic material, a weak repulsion is observed, or a
negative magnetization is produced resulting in a negative magnetic susceptibility [23] as shown
in the figure below.

Figure 9: Magnetic hysteresis measurement of 8 nm BaTiO3 nanoparticles synthesized
using a hybrid sol-gel method [12].

Paramagnetism is observed in materials that have a net magnetic moment dude to having
unpaired electrons in partially filled orbitals. However, these unpaired electrons are not enough to
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produce a net magnetic moment in the material, and thus in the absence of a magnetic field, there
is a net magnetic moment of zero. This is due to the randomizing effects of temperature. Similar
to diamagnetism, in the presence of an external magnetic field, there is a net magnetization.
However, this magnetization is in the opposite direction of diamagnetism, it is a net positive
magnetization and a positive magnetic susceptibility. Due to the randomizing effects mentioned
above, this results in a temperature dependent magnetic susceptibility, this is known as the Curie
Law [24]. Unless the temperature is very low (<< 100 K) or the external magnetic field is very
high (or both), paramagnetic susceptibility is independent of the applied field. Thus, under these
conditions, paramagnetic susceptibility is proportional to the total ferromagnetic ions in the
material, such as iron, cobalt, nickel, or some rare earth elements such as gadolinium or
dysprosium [25, 26].
Ferromagnetism is the property most associated with magnets and magnetic materials as
ferromagnetic materials such as iron, nickel, and cobalt are the most common materials used in
magnets such as your basic kitchen magnet. This is due to unpaired electrons, like with
paramagnetism discussed above, but the interactions in ferromagnets are much stronger. This is
due to a coupling of interactions and electronic exchange forces that result in parallel or antiparallel
alignment of atomic magnetic moments. A true ferromagnet will have all of its magnetic moments
aligned in one direction resulting in a large magnetic moment even in the absence of an external
magnetic field. This strong net magnetic moment is also due to the presence of magnetic domains
within the material. These magnetic domains are areas within the material in which many atom’s
net magnetic moment are aligned in a parallel fashion. A ferromagnetic material can have
randomly oriented domains, but in the presence of an external magnetic field, the domains will
begin to align in the direction of the magnetic field. This is most easily visualized with the
measurement of the magnetic hysteresis loop (ferroelectricity, which is analogous to
ferromagnetism, is measured in a similar way as discussed above).
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Figure 10: Model ferromagnetic hysteresis loop.
The magnetic domains of a material will only all align in a strong enough magnetic fields,
this is seen when the hysteresis flattens out at the value Ms, which is known as the magnetic
saturation point. Similar to ferroelectric materials, when the magnetic field has returned to zero,
the material will “remember” and retain some alignment of magnetic domains, this is known as
the value Mr, or remnant magnetization. The value at the x-intercept of the plot, Hc, is known as
the coercive field, or the magnetic field within the material that opposes the external magnetic
field.
Temperature can affect many physical properties of solids and ferromagnetism is no
exception. With a high enough temperature, randomizing effects will overtake the net magnetic
moment due to aligned domains. In any given material, this occurs at a specific temperature known
as the Curie Temperature [23,24]. Below the Curie temperature of a ferromagnet, the ferromagnet
is ordered, and above the Curie temperature, the ferromagnet has no aligned domains and thus
becomes paramagnetic.
A common form of magnetism found in transition metal oxides is known as
ferrimagnetism. This most often arises when two or more competing magnetic states form within
the crystalline solid, in other words, two magnetic sublattices form. In an oxide, these two magnetic
sublattices are separated by oxygen anions [27]. The two competing magnetic states will undergo
exchange interactions which are when two nearby atoms have unpaired electrons (such as two Fe3+
ions). The interaction is affected by whether or not the two atoms have parallel or antiparallel spins
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which in turn affects the electron location and the Coulomb interaction [27]. When an oxygen
mediates the interaction between two competing magnetic states, it is known as an indirect or
super-exchange interaction. The strongest super-exchange interactions result in an antiparallel
alignment of spins between the two states [28]. In ferrimagnets, the two competing magnetic states
do not have equal net magnetic moments which results in a net magnetic moment in one direction.
This net magnetic moment is not as strong as a ferromagnetic material, but ferrimagnets exhibit
many similar properties to ferromagnets such as magnetic hysteresis, spontaneous magnetization,
Curie temperature, and magnetic remanence. The most well studied ferrimagnet is magnetite,
which was considered a ferromagnetic material until Louis Néel’s work in the 1940’s [29].
Magnetite, Fe3O4, has a spinel crystal structure which has two species of Fe within the crystalline
unit cell, tetrahedral Fe surrounded by four O anions, and octahedral Fe surrounded by six O
anions. This gives rise to two magnetic states of Fe that can be denoted as magnetic state A for the
tetrahedral Fe3+, and magnetic state B for the mixture of Fe3+ and Fe2+, respectively. This results
in a net magnetization due to the Fe2+ ion [29].
If the two magnetic sublattice moments are equal and opposite in direction resulting in a
net zero magnetic moment, the material is known as antiferromagnetic. When characterizing the
magnetic susceptibility of a antiferromagnetic material as a function of temperature, a critical
temperature is observed where the material will switch from antiferromagnetic magnetic
susceptibility behavior to paramagnetic magnetic susceptibility behavior, this temperature is
known as the Néel temperature and is when an antiferromagnetic material begins to follow the
Curi-Weiss law for paramagnets:
𝑋=

𝐶
𝑇 − 𝑇𝐶

Where C is the material-specific Curie constant, T is the temperature, and Tc is the Curie
temperature of the material. When T = Tc there is an infinite magnetic susceptibility, but below
this temperature, the ferromagnet has a spontaneous magnetization. However, an
antiferromagnetic material does not follow this law until it is above its Néel temperature and
becomes paramagnetic at that point [30,31]. A well-studied antiferromagnetic material is hematite
(Fe2O3) which has a corundum crystalline structure which is a hexagonal close packed structure.
While each hexagonal c-plane is ferromagnetically coupled, the planes have opposite
magnetization resulting in an overall antiferromagnetic state. This antiferromagnetic state is
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observed below -10°C. Above -10°C the spin moments lie in the c-plane, but slightly canted
resulting in a spontaneous magnetization [32].

Figure 11: Hematite crystal structure with arrows showing the direction of the
magnetization indicating an antiferromagnetic state.

1.2.2 Multiferroic Materials:
The traditional definition of a multiferroic material is a material in which multiple ferroic
orderings are observed in a single-phase material. Two of the most important ferroic orderings
have been discussed above: ferroelectricity and ferromagnetism. However, a ferroic ordering is
when a material adopts a spontaneous, switchable internal alignment [33]. This expands the
selection of orderings to ferroelasticity where strain alignment can be switched by a stress field,
but ferroelasticity will not be covered in depth. Many scientists in the field of multiferroics have
expanded the definition to include antiferromagnetism as well. As mentioned above, the two
ferroic orderings ferroelectricity and ferromagnetism are of great interest in many different fields
and the materials that exhibit such orderings to a great degree are used in many devices and
industries. If both ferroelectricity and ferromagnetism are incredibly useful properties, it follows
suit that a material that exhibits both properties to a tangible degree would be a incredible advance
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in human technology if it could be integrated properly into devices. This is why the field of
multiferroics has become so popular in the past 18 years. Some would credit Newnham et. al. [34],
Schmid [35], and Nicola Hill [36] with sparking an immense interest in the search for a stable
room temperature multiferroic material. One can the amount of freedom provided by a material
with the ability to couple to either the electric or the magnetic polarization. Multiple state memory
devices where data can be stored in both the electric and magnetic polarizations, inputting an
electrical signal and outputting a magnetic signal or vice versa would be a large possibility in the
usage of a multiferroic material.
Many studies have been done using perovskite crystal structures as the parent material to
start making a multiferroic phase. This is because of the reasons mentioned above in the perovskite
section, perovskites are very versatile in composition and have many desirable properties, and the
synthesis of perovskites is very well studied and defined. It is common in ferroelectric perovskites,
such as BaTiO3, for the ferroelectricity to arise because of the hybridization of electron clouds of
neighboring ions, supporting off-centered ions. This is particularly favorable when the 3d shell is
empty, such is the case with Ti4+ in BaTiO3. This presents a problem when it comes to inducing a
magnetic phase within the same material as magnetic transition-metals have partially filled 3d
shells such as Fe3+ [37]. The particular case of BaFexTi1-xO3 will be discussed in great detail later
on.
Another obstacle in the field is the coupling of the two properties ferroelectricity and
ferromagnetism. When a material’s magnetic and electric properties are coupled in any way, it is
known as a magnetoelectric material. Thus, multiferroics can be classified in two categories. Type
1 multiferroics are that in which the ferroelectric ordering and the ferromagnetic ordering occur
independently and are not coupled. Type 1 multiferroics cannot be classified as magnetoelectric.
Type 2 multiferroics are those in which the ferroelectric and ferromagnetic properties are coupled
and emerge jointly. This can be due to one of the phases inducing the other due to strain or
displacement. These materials can be classified as magnetoelectric. The ideal multiferroic material
is that which is a magnetoelectric multiferroic at room temperature and above for proper
integration with electronic devices.

19

Figure 12: Schematic of type 1 and type 1 multiferroics. Si indicates the spin state at i, and
P indicates polarization. Figure reproduced from [37].
There are two approaches to synthesizing a multiferroic material. One is to attempt to
synthesize a single-phase material by starting with a ferroelectric phase and doping, or substituting,
ferromagnetic ions into the lattice structure (or vice versa) and trying to find a medium between
the two properties ferroelectricity and ferromagnetism. The second approach is to make a layered
composite material. The layers are composed of ferroelectric domains and ferromagnetic domains.
The multiferroic domains will arise at the domain walls between the ferroelectric and
ferromagnetic domains.
A mechanism supporting the first approach to synthesizing a multiferroic is the lone-pair
mechanism. It suggests that the spatial asymmetry is created by the anisotropic distribution of
unbonded valence electrons around the host ion [37]. This lone-pair mechanism is responsible for
the only room-temperature single-phase multiferroic material, BiFeO3. The lone-pair of electrons
arises in the Bi3+ 6s orbital and are not involved in sp hybridization and creates a local dipole. This
local dipole creates a spontaneous polarization in the material when the material is below its Curie
temperature which is TC = 1103 K [38]. In terms of magnetic properties BiFeO3 has a long-range
periodic antiferromagnetic structure that arises below the Néel temperature of TN = 643 K [39].
Because the ferroelectric effect in BiFeO3 is not caused by a “displacive” effect due to
hybridization of electron clouds of neighboring ions and is caused by the lone-pair electron, the
two properties do not compete with each other and are able to couple.
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Composite materials allow for more freedom in design of and combination and/or coupling
of properties because you are not limited by chemical compatibility, you are limited by physical
compatibility of the materials. In the field of composite multiferroics the combination of
ferroelectric with ferromagnetic materials can lead to new multiferroic materials with a magnetoc
electric response at room temperature which can be pronounced near the phase boundaries and
domain walls [40]. Coupling of the properties can be achieved by using a ferromagnetic
magnetostrictive material

and a ferroelectric piezoelectric material

composite. The

magnetostrictive material induces a strain in an external magnetic field which, at the boundary of
the magnetostrictive material and the piezoelectric material should transfer the strain and cause a
polarization in the piezoelectric material. This can be converted into a voltage via the piezoelectric
effect [37].

Figure 13: Magnetoelectric coupling between a piezoelectric material and a
magnetostrictive material is induced by strain . Reproduced from [37].

1.3

Synthesis of Transition Metal Oxide Nanoparticles
So far, we have discussed about the various interesting properties that transition metal

oxides can have and why these properties are of great interest to researchers. These properties
would not be achieved without the materials existing in the first place, which is why synthesis and
synthesis technique is important to study as well. It should also be noted that thus far, we have
only discussed bulk properties of transition metal oxides. It turns out that size can have a profound
effect on the properties of a material, from ferroelectricity and piezoelectricity to mechanical

21

strength and suspension capabilities in solutions. Structure can also have a profound effect on the
properties of a material, but for the purposes of this thesis, we will be primarily concerned with
spherical to semi-spherical transition metal oxide nanoparticles. There are two broad categories
that one can group the production and synthesis of nanostructures and nanoparticles: the “topdown” and the “bottom-up”. The top-down approach typically involves the use of various
techniques such as nanolithography, etching, milling, physical vapor deposition, atomic layer
deposition, molecular beam epitaxy and various probe-based techniques to either downsize larger
structures, or deposit, with high precision, atomic layers of desired materials. On the other hand,
the bottom-up approach employs chemical methods and traditional “wet” chemistry techniques to
assemble nanostructures from individual atoms and molecules.

Figure 14: Schematic of top-down and bottom-up synthesis, two different approaches to
synthesizing nanostructures. Reproduced from [41]

Various techniques in the top-down approach such as molecular beam epitaxy and atomic
layer deposition allow for high precision of structural design down to the placement of atoms, and
thus a brief overview of the literature surrounding these techniques will reveal that many complex
and elaborate structures from 1D to 2D to 3D structures with interesting and useful properties
(such as the ones mentioned in the above sections) [42,43, 44]. These techniques also provide the
ability to grow these various structures on different substrates such as silicon wafers, GaAs
substrates, and GaP which can provide more interesting properties as well as integration to
electronic devices which makes these materials applicable in many different industries (sensors,
actuators, computers, etc.) [45,46]. Many techniques have been optimized to be in the low to
“reasonable” cost range such as the fabrication of transistors on a silicon wafer for use in computer
processors and are employed by various companies such as Intel [47]. However, on the
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fundamental research side of things, the optimization of various processes is not considered and
thus fabrication of nanostructures can be very time consuming and costly [48].
The bottom-up approach employs various chemical techniques towards the synthesis of
nanoparticles and nanostructures such as solid state, sol-gel, hydrothermal, and solvothermal
syntheses (each will be explained in greater detail below). These techniques can employ a high
temperature step in the synthesis as the driving force for the reaction and diffusion of ions or
various species across grain boundaries. The use of capping agents and surfactants such as various
polymers such as poly-ethylene glycol (PEG) and polyvinylpyrrolidone (PVP), or sodium citrate
can control the growth of various different compositions of nanoparticles [49,50,51]. The capping
agent or surfactant can also control the shape of the nanoparticle [49,50,51]. The capping agent or
surfactant of the nanoparticle can control how the nanoparticle interacts in various solvents and
also on various surfaces such as allowing a nanoparticle to suspend in solution [49,50,51]. They
can allow for surface functionality for in-situ delivery of medicine in the body [49,50,51]. That
being said, surfactants and capping agents can cause more problems than they solve in many
experiments. While surfactants and capping agents can control the size and shape of the
nanoparticle to high precision, they can also suppress interaction with substrates, or provide
unwanted properties [52]. As with any field of science, synthesis of transition metal oxide
nanoparticles is a delicate balance of design and compromise. Finding the perfect balance is a
continuous journey for many scientists and is the basis of fundamental research.

1.3.1 Solid State Synthesis
Solid state synthesis, as the name implies, uses solid state materials such as metal oxide
powders. The synthesis is governed by diffusion of ions across grain boundaries in order to
synthesize the desired product. This requires grinding of the reagents in a ball mill over long
periods of time (>24hrs [53]) and use of a high temperature sintering step in order to increase
diffusion of ions. However, repeated grinding and firing is sometimes required before the product
is obtained at high purity [53]. Fine grain powders of reactive reagents are desirable in order to
increase the surface area. Occasionally, organic solvents are used in the reaction to create a slurry
[53, 54], this can help decompose a certain species, or aid diffusion of ions. The resulting slurry
(if organic solvents are used) is then dried in a vacuum oven and then the powder is pressed into a
pellet. Pelletizing the powder is done to have the grain boundaries as close as physically possible
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before heating or applying high pressure while heating. Pelletizing will aid in diffusion of ions as
well. Depending on the temperature needed for the synthesis and the reagents used, different
heating vessels can be used. Typically, a material with a high melting temperature and low
reactivity is used such as Pt, Al2O3, ZrO2, or Y2O3 [11]. This will ensure that you do not get any
reaction with the boat as high temperatures can increase reactivity. The atmosphere in which the
heating takes place is crucial as well. Some syntheses require no special atmosphere and can take
place in an unspecialized furnace; however, some require an H2/Ar atmosphere to prevent
oxidation of certain species and require a tube furnace.

Because of the use of such high

temperatures, the product that is formed is the most thermodynamically stable product. This can
be a hinderance depending on what the desired product is.

1.3.2 Sol-Gel Synthesis
While the solid-state method uses a more brute force route to chemical reaction and
diffusion of ions across grain boundaries at elevated temperatures, the sol-gel method of synthesis
takes a more intimate approach. The starting materials, or precursors are typically solutions which
can be mixed together more thoroughly and reacted at a molecular level. This reduces the diffusion
pathway from micrometers, such as those found in solid state synthesis, to nanometers, which
allows for a lower calcination or sintering temperature, possibly even room temperature synthesis
[55]. The typical synthesis route of the sol-gel synthesis is the hydrolysis of metal alkoxides or
various inorganic precursors such as metal chlorides, nitrates, and sulfides, where the important
obstacle to overcome is the control of the hydrolysis reaction occurring in solution. Proper control
of hydrolysis should result in no unwanted solid particles precipitating out of solution. A common
unwanted precipitate in the sol-gel synthesis of BaTiO3 for example, would be Ti(OH)4. The
reaction is commonly stabilized by use of an acid (or base, depending on the reaction) to slow the
reaction rate, and allow formation of the gel.
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Figure 15: Schematic of the Sol-Gel method. Reproduced from [56].

Another common example of sol-gel chemistry is the synthesis of silica (SiO2)
nanoparticles and will be used to illustrate the two main steps in sol-gel synthesis of metal oxide
nanoparticles, hydrolysis and (poly)condensation. The synthesis involves the development of
networks through an arrangement of colloidal suspension (sol) and gelation to form a system in
continuous liquid phase (gel) [57,58,59]. The sol is a colloidal suspension of particles that are in
the range of 1-100 nm, that are suspended in a liquid, which is the solvent in the reaction. The gel,
as the name implies, is a more rigid network, typically formed after the hydrolysis step, which
allows for polymeric chains and M-O-M (M = metal) bonds to form. Common precursors for the
synthesis of SiO2 are tetramethoxy silane (Si(OCH3)4) and tetraethoxy silane (Si(OCH2CH3)4).
The reaction between the metal alkoxides (or in this case “metalloid alkoxide”, but the same theory
applies) in the presence of acid or base, forms a one phase solution that goes through a solution to
gel transition (sol to gel), in which, it forms a rigid network of solid metal oxides and solvent filled
pores [57]. At this point, the use of acid or base can have a large effect on the product formed. If
the reaction is acid catalyzed, the formation of weakly cross-linked linear polymers will form, but
if the reaction is base catalyzed, the formation of the highly branches clusters is observed [57,60].
Hydrolysis: Si–(OR)4 + H2O⇄Si–(OR)3(OH) + ROH
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This reaction occurs, but only so much of the “metalloid alkoxide” can react through the
addition of water. That being said, the reaction of the products of this reaction, through
condensation and polycondensation over time is where bridging oxygen bonds are formed, which
is the formation of the gel. During this condensation step, the formation of M-O-M bonds from
either two -OH or M-OH groups and an alkoxy group, produces a water or an alcohol molecule.
Condensation: (OR)3–Si−OH + HO–Si–(OR)3→ (OR)3Si–O–Si(OR)3 + H–O–H
With enough condensation reactions occurring in the solution, a rigid three-dimensional
network will form. With many syntheses of metal oxides through the sol-gel method, an additional
calcination or sintering step is required to complete crystallization, but as stated above, this
temperature is typically much lower than that of the solid-state synthesis method. Because the solgel synthesis is a kinetically driven process, different products can be formed than the
thermodynamically stable products formed in the solid-state method. These products can range
from metastable to thermodynamically stable as well depending on the required sintering
temperature. As with the solid-state method, the use of a tube furnace to control the atmosphere
when the sintering step takes place is sometimes applied [61].

1.3.3 Hydrothermal Synthesis:
Another approach to the synthesis of metal oxide nanoparticles is the hydrothermal
synthesis route. As the name implies, the use of aqueous solutions and heat are the driving forces
of the synthesis. Unlike sol-gel synthesis, the hydrothermal route uses metal salt precursors instead
of the metal alkoxide precursors. These metal salts are mostly highly soluble in aqueous solutions.
The reaction equilibrium of metal salt aqueous solutions changes with temperature, this can result
in the formation of metal hydroxides or metal oxides [62]. Pressure can also have a significant
effect on the reaction equilibrium, which is why the use of a batch type autoclave is typically used
for synthesis. This tightly sealed vessel allows for reactions to occur in liquid state at temperatures
far above the boiling point of the aqueous solution (373 K-573 K). The heating process is similar
to that of solid-state synthesis, a slow ramp time leads to a constant temperature that is held for an
extended period of time (6 hrs-48 hrs) [62].
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The typical hydrothermal synthesis of BaTiO3 has been described in the literature as it is a
common way to synthesize metal oxides. The use of Ti(OH)4 as a precursor in the synthesis can
be administered, or it can be prepared through the neutralization titration of TiCl4 with NH4OH
[63]. The use of TiO2 as the titanium precursor in the reaction is also commonly deployed. The
titanium precursor along with the barium precursor (typically Ba(OH)2*8H2O) are placed in the
Teflon lined stainless steel autoclave in stoichiometric amounts as well as an appropriate amount
of deionized water and surfactants (depending on the size of the autoclave). As mentioned above
in previous sections, surfactants can provide control over the size and morphology of the metal
oxide formed. Surfactants can also prevent agglomeration of nanoparticles, but they do also alter
the surface chemistry and properties of the nanoparticles. Some autoclaves have a stirring
mechanism, but some do not. The autoclave is then heated slowly to the aging temperature which
can vary depending on the precursors, but can range from 85-180C. The aging period can range
from 6 hr to 48 hr or longer, depending on the desired product, the aging period can determine the
size of the nanoparticles as well as the shape. Because of the elevated temperature and pressure
inside the autoclave, some hydrothermal syntheses do not need a sintering or calcination step after
the hydrothermal step. That being said, the product must be separated, either by vacuum filtration
or by centrifugation and then washed many times in order to remove surface impurities such as
BaCO3 [63].

1.3.4 Solvothermal Synthesis:
The solvothermal synthesis route is very similar to the hydrothermal synthesis route in that
it involves a Teflon lined stainless steel autoclave that is sealed and heated to elevated
temperatures. The temperature is typically above the boiling temperature of the solvent used, thus
elevated temperatures are achieved inside the autoclave. The main difference between the two are
that while hydrothermal synthesis uses aqueous solvents and metal salts dissolved or suspended in
the aqueous medium, solvothermal synthesis uses a non-aqueous solvent, or an organic solvent.
This gives the synthesis the advantages of the sol-gel synthesis method as different precursors,
such as metal alkoxides, can be used that would normally not be miscible or would normally
decompose in an aqueous solution. Hydrothermal synthesis is used for the preparation of
hydroxides and oxides due to the chemical composition of water and various aqueous solutions as
the solvent. Solvothermal synthesis, on the other hand, allows for the development of non-oxide
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materials such as nitrides and chalcogenides although can certainly be used for synthesis of metal
oxides as well [64].
Solvothermal synthesis is a widely used technique to synthesize more than just metal
hydroxides, oxides, nitrides, and chalcogenides. Research has been done in the synthesis of
semiconductors such as Cu7Te4, CdSe, and CeTe through solvothermal synthesis. Particularly, Li
et al. [65] showed the effect of solvent in the solvothermal synthesis of Cu 7Te4. The synthesis of
Cu7Te4 involved the usage of CuCl2*H2O as the copper precursor and Te metal as the Te precursor.
The solvent used was ethylenediamine, a polar solvent that is used as a bidentate chelating ligand
for coordination chemistry in inorganic synthesis. The precursors were suspended in the polar
solvent and sealed in a Teflon lined autoclave and heated to 160C for 10 hr and then cooled to
room temperature, filtered and washed with distilled water and 200 proof ethanol and then dried
under vacuum at 60C for 4 hr. The same synthesis under the same conditions with the use of
benzene as the solvent instead of ethylenediamine will yield no product as benzene is not a polar
solvent. The polar nature of the ethylenediamine as well as the chelating properties allow for the
synthesis product Cu7Te4 to form because the precursors are much more soluble in
ethylenediamine [65].

1.3.5 Gel Collection
Thus far, the synthesis techniques discussed have many pros and cons, they, along with gel
collection’s pros and cons are summarized in table 2 below.
Table 2: Table showing the various advantages and disadvantages of each synthesis method
discussed in the previous sections. Adapted from [66]

Perovskite oxide materials have a wide range of unique chemical and physical properties
associated with them. This is why scientists have developed so many different ways of
synthesizing them. As mentioned above, it is not simply just the chemical composition of the
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perovskite that is important, its physical size and shape are important to control as well in the field
of nanotechnology. Whether or not the material can be suspended in solution, as well as the
solutions it can suspend in, can play a crucial role in its application as well. Various industries
such as ones that need multilayered capacitors (or MLCC), non-volatile memory, uncooled IR
detectors, positive temperature coefficient of resistivity thermistors (PTCR), and high dielectric
performance materials are funding research to find a more efficient route to producing the desired
product. The synthesis needs to use relatively cheap precursors and solvents, but with increasing
concerns over climate change the synthesis needs to be environmentally friendly, or as relatively
environmentally friendly as possible. The synthesis needs to be scalable to the industrial level as
well. These are many guidelines to follow when planning out a synthesis route. The synthesis
routes have their strong points, and gel collection aims to take advantage of all of them. It is a
hybrid precursor driven synthesis based off of the sol-gel method that incorporates various
techniques from solvothermal synthesis and hydrothermal syntheses developed in the O’Brien lab
by Limin Huang and Shuangyi Liu [67].
A solution processed route was chosen because of the many advantageous attributes such
as precise control over the final product due to being able to use molecular precursors or salts in
solution. Another advantage solution processing synthesis have been the relatively moderate
conditions required for the synthesis to be driven to the product (T < 300°C). However, many
common synthesis techniques, such as hydrothermal and solvothermal synthesis, require a precise
control over the pH of the solution as well as the use of organic ligands or surfactants [68, 6]. This
is not ideal for industrial scale application as it adds many more by products to the synthesis.
Another complication in synthesis can be separation and isolation of the product. This can involve
many steps in certain syntheses such as centrifugation and washing of the product. Gel collection
aims to overcome as many of these obstacles as possible while producing a pure product through
a green and scalable process.
The most successful application of gel collection is the synthesis of BaTiO3 and BaTiO3
based nanocrystals [67, 12]. A major difference (and perhaps one of the limitations of the
synthesis) is the use of a N2 or Ar glovebox to provide an inert atmosphere to do the synthesis in.
The inert atmosphere opens up many options when it comes to precursor selection as many metal
alkoxides, while highly reactive, decompose in air due to moisture and oxygen sensitivity. Another
highly important use of the glovebox is to control the amount of CO2 dissolved in solution limiting
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the formation of various metal carbonates such as BaCO3. The synthesis uses metal alkoxide
precursors such as Ba(OiPr)2 (iPr = CH(CH3)2) and Ti(OiPr)4 as the sources of Ba and Ti in the
synthesis. Use of Ba(OEt)2 (Et = CH2CH3) can be substituted for Ba(OiPr)2. The solvent used is
200 proof ethanol. The two precursors are mixed together in stoichiometric amounts in ethanol for
15-20 min. A hydrolysis reaction is initiated with the addition of precise amount of H2O which
turns the solution much more viscous and oligiomeric. This is due to hydrolysis of the Ti4+ ions in
solution. The solution is allowed to age inside the glovebox for 24 hr and then transferred out of
the glovebox and heated in a sealed container for 6-12 hrs at a temperature range from 15°C to
55°C. This mild heating of the solution rapidly speeds up the polycondensation of the gel into a
self-accumulated pure and higly crystalline gel monolith solid product that is well separated from
a liquid phase [67]. The only byproduct are alcohols such as isopropanol and the solvent, ethanol
is left pure as all of the precursors are consumed, and the reactant H2O is consumed as well. This
effectively regenerates the solvent and this solvent can be reused in further syntheses. The gel
monolith can be readily collected and purified without centrifugation or filtration. Because all of
the precursors are consumed in the reaction, this synthesis achieves nearly 100% yield. The
product is an aggregate free, surfactant free 5-8 nm BaTiO3 nanocrystal. The gel can be dried out
under vacuum for X-Ray powder diffraction analysis or suspended in ethanol or furfuryl alcohol
for up to 2 months. This colloidal solution can be used in various applications such as ink-jet spray
coating or spin coating to form a uniform thin film of the nanocrystals.
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Figure 16: Schematic of mechanism of BaTiO3 synthesis through gel collection reproduced from
[67].

The above figure is the proposed mechanism of the gel collection synthesis of nanocrystalline
BaTiO3. As shown in the figure above, Ti(OiPr)4 seems to be the driving force of the gel formation
and separation from surrounding solvents. This is due to its high reactivity with H2O which is
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added in stoichiometric amounts, enough to react with the Ti(OiPr)4 and be entirely consumed in
the hydrolysis reaction forming a byproduct of ethanol and isopropanol.

1.4

Physical Characterization Techniques

1.4.1 X-Ray Diffraction
X-Ray diffraction is an incredibly useful technique for determining the crystalline structure
of a material. Provided you have a powder sample, sample preparation is very simple as well. XRay light, typically from a Cu source of 1.5405 Å, is used to interact with the periodically
spaced atoms within a crystalline lattice. The X-Rays are generated upon impact by electrons on a
copper target. The use of X-Ray light is important as it has a small enough wavelength to interact
and diffract off of the crystalline lattices which are on the same size scale. The X-Ray light interacts
with an electron cloud of an atom, via the electromagnetic force. This interaction is more intense
with higher electron density, which is why X-Ray images only show the bone density and not the
flesh of a human because calcium has many more electrons than carbon and hydrogen. More
related to the compounds of this thesis, X-Rays interact with atoms with a higher atomic number,
Z, than they do with those of lower atomic number: this means that refinement of parameters
relating to atoms of low atomic number-such as O2- is necessary, which will be discussed later in
this thesis. For X-Ray diffraction (XRD) data that accurately determines atomic coordinates of the
O2- species, synchrotron X-Ray sources such as the one at Brookhaven National Laboratory in
Long Island are necessary. Synchrotron X-Ray sources produce beams of extremely high intensity,
allowing small differences to be discerned.
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Figure 16: Schematic of X-rays being scattered from the crystalline lattice planes spaced
by dhkl. Reproduced from [69]

The scattering of the impinging X-ray beam from the points A and D in neighboring planes
with produce in phase diffracted X-ray beams (constructive interference) if the additional distance
travelled by the X-ray photon scattered from D is an integral number of wavelengths. This path
difference BD + DC will depend on the lattice spacing or dhkl, where hkl are the Miller indicies for
the planes under consideration, and will also be related to the angle of incidence of the X-ray beam,
. [69]
The most commonly used mathematical expression in X-Ray crystallography is known as
Bragg’s law:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)
Where n is the reflection order, 𝜆 is the wavelength of the X-Ray light (e.g. 1.5405 Å), d is the
space between lattices, and is the diffraction angle. This equation is named after Lawrence Bragg
and his father William-Henry Bragg [70].
When a crystal lattice plane diffracts the incoming X-Ray, the diffracted angle is known as
a Bragg angle, or Bragg reflection and shows up as a peak in the X-Ray diffraction pattern. The
intensity ratio and positioning of these Bragg reflections are vital to solving the crystal structure
of the compound. Each Bragg reflection can be assigned a miller index. These are denoted as h, k
and l, where h, k, and l are whole integer numbers. These values are used to represent the reciprocal
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lattice of the crystalline plane. The miller index values, h, k, and l can be determined using values
from Bragg’s law as well as the lattice constant a, for a cubic unit cell (primitive, face centered, or
body centered cubic) very easily by using this equation below:
1
ℎ2 + 𝑘 2 + 𝑙 2
=
𝑑2
𝑎2
Where d is the lattice spacing, h, k, and l are the miller indices, and a is the lattice constant of the
unit cell. An important cubic crystalline structure that we have discussed many times in this thesis
so far and will discuss many times to come is BaTiO3, which has Ba2+ in the center of the cube,
with a nominal coordination number of 12 making it a body centered cubic crystalline structure
(of course at different temperatures BaTiO3 can be a range of different crystalline structures [71]).
As a general rule for body centered cubic Bragg reflections, the allowed reflections (i.e. the
observed reflections) are: h + k + l = even integer. The table below shows allowed reflections for
all cubic systems.
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Table 3: Table of all the allowed Bragg reflections for the three cubic systems: simple (primitive)
cubic, body centered cubic, and face centered cubic.
h

k

l

h2 + k2 + l2

sc

1
1
1
2
2

0
1
1
0
1

0
0
1
0
0

1
2
3
4
5

√
√
√
√
√

2
2
2
2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4

1
2
2
2
0
1
1
2
2
2
3
3
3
3
0
1
1
2
2
2
3
3
3
3

1
0
1
2
0
0
1
0
1
2
0
1
2
3
0
0
1
0
1
2
0
1
2
3

6
8
9
12
9
10
11
13
14
17
18
19
22
27
16
17
18
20
21
24
25
26
29
34

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

bcc

fcc

√
√

√
√

√
√

√

√

√

√
√
√
√
√
√
√

√
√

√
√

√

√

√

√
√

Another key factor when analyzing XRD patterns is line width. As with all spectroscopies and
many other analytical techniques, the area under the curve can tell you a lot of information,
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specifically the full width at half maximum (FWHM) of a curve. There are many things that can
affect the width of a peak in an XRD pattern. The most commonly observed line broadening is the
size of the nanoparticle. This can be explained by the significantly smaller volume of a nanoparticle
or nanocrystalline material to that of the bulk material. This will give a smaller interaction volume
which will lead to much less convergence to a diffraction line, leading to a broadening of the line.
This line broadening can be used to estimate the size of the nanoparticle by using the FWHM of
the line as described by the Scherrer equation after Paul Scherrer [72].
𝜏=

𝐾𝜆
𝛽cos(𝜃)

Where  is the mean size of the ordered domains, which may be smaller than or equal to the grain
size, K is a dimensionless shape factor, typically with the value of 0.9, 𝜆 is the X-Ray wavelength,
 is the FWHM, and  is the Bragg reflection position.

1.4.2 Pairwise Distribution Function Analysis and Rietveld Refinement
In many cases, obtaining the XRD pattern of a nanoscale material does not yield enough
information about the crystalline structure. Further analysis of the data is required, and depending
on how ordered the material is, one of two refinement techniques can yield a much more in depth
understanding of the crystalline structure. If the material has only short-range order on the range
of a few nanometers or less, pairwise distribution function (PDF) analysis is suitable. PDF analysis
describes a probability of finding any two atoms at given inter-atomic distances. This means that
PDF analysis can be expanded beyond solid state materials to liquids, it can also be used for glasses
[73,74,75]. The PDF can be calculated from the Bragg and diffuse scattering intensities. In this
way, PDF analysis can separate the differences between short range order (a finite non-random
displacement from the ideal crystal structure) and random displacements of the atoms. Because
PDF analysis is typically done on short range order materials, synchrotron XRD data is preferred
and mostly required for proper analysis.
The experimental PDF is denoted as G(r) and is obtained from the Bragg and diffuse
components of X-Ray, neutron or electron powder diffraction intensity data by a Fourier transform
of the normalized total structure factor S(Q):

𝑄=

4𝜋(sin(𝜃))
𝜆
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Where Q is the magnitude of the scattering moment transfer, 2 is the scattering angle, and  is
the scattering wavelength.
Once the PDF(s) are determined they can be analyzed directly or through modeling. One
of the most important approaches is to compare experimentally determined PDFs from sample
under study and from known control samples [76]. The PDF, G(r), gives the scaled probability of
finding two atoms in a material that are a distance r apart and is related to the density of atom pairs
in the material [73]. G(r) can be calculated from a known structure model according to:
𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0 ],
𝜌(𝑟) =

𝑏𝑖 𝑏𝑗
1
∑ ∑ 2 𝛿(𝑟 − 𝑟𝑖𝑗 )
2
〈𝑏〉
4𝜋𝑟
𝑖

𝑗≠𝑖

Where 0 is the atomic number density of the material and (r) is the atomic pair density, which
is the mean weighted density of neighbor atoms at distance r from an atom at the origin. The sums
in (r) run over all atoms in the sample, bi, is the scattering factor of atom i, 〈𝑏〉 is the average
scattering factor and rij is the distance between atoms i and j. The above equation is used to fit the
PDF generated from a structure model to a PDF determined from experiment.
If the material has more periodic orderings and a more well-defined crystal structure, it
may be more suitable to use a technique known as Rietveld refinement to characterize the
crystalline structure of the material. The Rietveld method was first reported in 1969 [77] by H. M.
Rietveld for the diffraction of monochromatic neutrons where the reflection-position is reported
in terms of the Bragg angle 2. The Rietveld method can be applied to high quality XRD data, but
synchrotron XRD data is much preferred. A structure model that makes physical and chemical
sense is necessary to begin, so having an idea of what type of crystalline structure the material can
be is necessary.
Background contribution (from the diffractometer) is a large component of powder
diffraction patterns. There are two approaches to dealing with background contribution: estimation
by linear interpolation between selected points between peaks and then subtracted, and modelling
by an empirical or semi-empirical function containing several functions containing several
refinable parameters [78]. Both methods tend to work well if there is a simple pattern where most
peaks are resolved to the baseline. However, in complex patterns where there is a large degree of
reflection overlap, the majority of peaks are not resolved to the baseline and the estimation of the
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background is difficult. The background subtraction approach is used in this case, but the
background is usually re-estimated and re-subtracted several times during the refinement.
An accurate description of the shapes of the peaks in a powder pattern is critical to the
success of a Rietveld refinement. The peak shapes are a function of both the sample and the
instrument (radiation source, geometry, slit sizes, etc.), they also vary as a function of 2. The
pseudo-Voigt approximation of the Voigt function is the most widely used for X-ray and constant
wavelength neutron data [79]. The pseudo-Voigt approximation is a linear combination of
Lorentzian and Gaussian components in the ratio: 𝜂/(1 − 𝜂) where 𝜂 is the pseudo-Voigt mixing
parameter [79,78].
Having a complete structural model of the crystal can significantly streamline the
refinement, but if only a partial structural model is available, the calculated intensities may deviate
significantly from the experimental data. In this case it may be best to use a structure-free approach
in which, the intensities of the reflections are adjusted to fit the observed ones. The positions of
the observed and calculated peaks must match well, otherwise Rietveld refinement will not work.
Once a good match of the peak positions has been achieved, the other profile parameters can be
refined. The variation of the full width at half maximum (FWHM) of the Gaussian component of
the peak shape as a function of 2q is usually modelled with the equation derived by Caglioti et al.
[80,78]
𝐹𝑊𝐻𝑀2 = 𝑈𝑡𝑎𝑛2 (𝜃) + 𝑉𝑡𝑎𝑛(𝜃) + 𝑊,

And that for the Lorenzian part by

𝐹𝑊𝐻𝑀 = 𝑋𝑡𝑎𝑛(𝜃) +

𝑌
cos(𝜃)

Where U, V, and W are Gaussian parameters, and X and Y are Lorentzian half-width parameters.
With a complete structural model and good starting values for the background contribution,
unit-cell parameters and the profile parameters, the Rietveld refinement of structural parameters
can begin. Powder data of a complex crystal structure can take longer due to global minimum of
the least-squares residual function being shallower than that of single crystal data. Two key factors
to pay the most attention to while refining is the profile fit and the nature of the parameters shifts.
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The overall profile fit can be determined by the reliability factor, or R value. Because changes in
some factors such as positional parameters can affect the structure-factor magnitudes, thus
changing the relative peak intensities, it is advisable to start the refinement of structural parameters
with the positions of the heavier atoms and then to try those of the lighter atoms. If the lighter
atoms’ positions lead to a converging refinement, all the atomic positions in the model can then be
refined simultaneously. Rietveld refinement can be a long and arduous process that can take many
hours but is a valuable tool for understanding many crystal structures.

1.4.3 X-Ray Photoelectron Spectroscopy
X-Ray photoelectron spectroscopy (XPS) is a valuable technique for surface
characterization of a sample. It can be used to measure elemental composition and electronic state
of the elements that exist in a material. XPS can determine, based off of electronic state, how the
elements in the sample are bonded to each other. The only limitations of this technique are that it
can only probe ~20 nm deep into a sample and it can in theory detect every element, but in practice
most XPS instruments have trouble detecting elements with atomic number (Z) of 3 and below
(which, depending on who you ask, can be a benefit because it can detect everything else!).
Because XPS can detect mostly every element on the periodic table and determine the electronic
state of said elements, it is used in almost every field of science where elemental composition is a
desired characterization.
XPS is based on the photoelectric effect, discovered by Heinrich Hertz, and explained by
Albert Einstein in 1905 [81]. It uses this effect by exciting the sample surface with mono-energetic
Al k X-Rays (1486.6 eV) causing photoelectrons to be emitted from the sample surface. An
energy detector is used to measure the energy of the emitted photoelectrons from the sample. Both
the binding energy and the intensity of the photoelectron are measured and from this information
elemental identity, chemical state, and elemental quantity can be determined.
Preparation of the sample is simple in that not much is needed at all. The most critical
preparation step is to keep the sample under vacuum overnight before the measurement to rid the
surface of any adsorbed water as this can affect the vacuum level as the sample needs to be put
under very high vacuum. Otherwise, the true challenge with XPS is the analysis of the data. Great
care needs to be taken when fitting the peaks obtained from an XPS spectrum. For the purposes of
this thesis, Ba, Ti, and O are the most important peaks to fit, and can have varying peak shapes
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which explain a lot about the surface chemistry of the elements involved as explained in depth by
Pearsall et. al. [82]. For nanoparticles of BaTiO3, the Ba 3d5/2 (typically seen between 776 eV and
783 eV) peak can typically be deconvoluted into two peaks at around 778 eV and 780 eV. The
deconvolution is because Ba is known to exist in lattice and surface/vacancy states,  and ,
respectively [82-85]. The  peak is also sometimes attributed to Ba vacancy point defects on the
surface [86,87]. The two peaks become prominent in nanoparticles because of the surface area to
volume ratio of the nanoparticle. A bulk sample of BaTiO3 would not be fit in this manner.

Figure 17: (Top) Ba 3d5/2 peak of synthesized BaTiO3 nanoparticles, (bottom) Ba 3d5/2
peak of 0-3 nanocomposite of as synthesized BaTiO3 and poly(furfuryl) alcohol. Reproduced from
[82].

The Ti 2p1/2 and 2p3/2 doublet peaks show up between 456 eV and 466 eV for a metal oxide
and should have a 1:2 ratio for the 2p1/2 and 2p3/2 peaks. Fitting these peaks to one peak each will
show a Ti4+ species present in your sample. However, the Ti 2p3/2 peak can be deconvoluted to
two peaks to show a small presence of Ti3+ depending on the surface chemistry and environment
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of the sample. If there is a ligand, capping agent, or polymer bonded to the surface of the
nanoparticle, fitting the peak profile in this way may be important. Ti3+ can be present due to
oxygen vacancies in BaTiO3 as a native defect, which are known to exist in ferroelectric ceramics
[88,89]. The presence of Ti3+ in the XPS spectrum can be a good indication of surface defects or
bonding states on the surface of the nanoparticle.

Figure 18: (Top) Ti 2p peaks of synthesized BaTiO3 nanoparticles, (bottom) Ti 2p peaks
of 0-3 nanocomposite of synthesized BaTiO3 and poly(furfuryl) alcohol. Reproduced from [82].

The O 1s peak of a metal oxide is typically a broad peak in the 524 eV to 534 eV range.
For BaTiO3 nanoparticles, the peak can typically be deconvoluted into three peaks. One at around
529 eV, which corresponds to M-O-M bonding (where M is a transition metal, in this case Ti), a
peak at around 530 eV, which corresponds to surface vacancy oxygen [86], and a peak at around
531 eV, which corresponds to presence of organic compounds, such as adventitious carbon [90],
or in some cases BaCO3 on the surface of the nanoparticle [91] .
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1.4.4 Electron Microscopy
In the prior sections, we have discussed useful techniques for determining the crystal
structure of a material and the oxidation states of the elements within said material. Electron
microscopy, specifically the transmission electron microscope (TEM) and the scanning electron
microscope (SEM), gives us the tools necessary to determine average size and morphology of the
material being analyzed. Through the use of the TEM and the SEM, it is possible to achieve
resolutions beyond the diffraction limit of optical or light microscopes because the source of
illumination is (as the name implies) accelerated electrons which have a wavelength of up to
100,000 times shorter than visible light.
The TEM operates on the same basic principles as a light microscope, but the illumination
source is an electron beam instead of visible light. In many TEM’s the electron source is passed
through a condenser lens and then the light that is transmitted through the sample then passes
through an objective lens aperture which can be changed depending on what type of analysis is to
be done, through an objective lens, an intermediate lens, and then transmits through the sample.
The thickness of the sample is therefore an important aspect to getting an image. Typically, the
sample must be suspended in a solution such as water, ethanol, or an organic solvent in dilute
quantities. A small quantity of the solution (on the order of 5 L) is then placed on the TEM grid
(typically a copper mesh with a formvar film of varying thickness on the nm scale). The solvent is
evaporated in a vacuum oven and then can be analyzed with the TEM. The electron light then
passes through a projector lens and finally on to a fluorescent screen. This results in a contrast
image with resolution on the 1 nm scale. TEM is most used on crystalline nanoparticles to
determine morphology and size as it can resolve lattice planes, and in certain high-resolution
microscopes, individual atoms.
For samples that are larger (such as devices, bulk materials, or on the biological side,
organisms) the SEM is the tool of choice because it provides a larger chamber for the sample and
is not concerned with thickness. The SEM works much in the same way as the TEM does, however
(as the name implies) it does not detect transmitted electrons, but scattered electrons, and is
therefore used to image nanostructures on the surface of the sample. The focused electron beam
interacts with the sample surface by producing secondary electrons, backscattered electrons, and
characteristic X-Rays. Sample preparation is vital to acquiring a well-focused image of the surface
of the sample. A conducting surface is necessary to prevent charge buildup from the electron beam
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on the surface of the sample. Coating the sample with a thin layer of carbon or gold is a common
practice as well as drying the sample overnight in a vacuum oven to remove any surface absorption
or adsorption of water which could lead to further surface charge build up. Imaging conductive
samples such as devices with metal components requires very little sample preparation as a result,
but imaging electrically insulating materials such as transition metal oxides can be difficult
depending on the resolution desired.
Because both the SEM and TEM have such high-powered electron beam sources, it is
possible to do Energy Dispersive Spectroscopy (EDS) or Energy Dispersive X-Ray Spectroscopy
(EDXS) if the electron microscope is equipped with the proper detector. This spectroscopic
technique is based on the principle that each element has a unique atomic structure and will emit
an X-Ray of different energy. The high energy electron beam is focused on the sample which in
turn excites electrons in the ground state producing an electron hole. An electron from the outer
shell fills the electron hole which releases a characteristic X-Ray. EDS can provide elemental
analysis and even a color map of the sample to show the composition gradient if one exists in the
sample. EDS is not typically published however (it can be seen in supporting information), this is
either because it is not commonly performed or because it can be difficult to quantify the amount
of the element present in the sample to an accurate degree.

Figure 19: Elemental mapping of EDS elemental analysis of double perovskite BaNbTiO6.
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1.4.5 Electrical Characterization
Up until now the measurements discussed did not require much sample preparation.
However, when measuring properties such as dielectric properties and ferroelectric properties,
sample preparation is vital to a successful measurement. Sample preparation may vary based on
the physical properties of the material, and thus, creativity and determination can prove to be of
high value when preparing the sample for measurement. When measuring electrical properties of
transition metal oxides, whether they be nanoparticles or bulk materials, the most challenging
aspect is how to connect the electrode contacts to the material. Because these materials are
typically electrically insulating (at least the one’s discussed in this thesis) the most common
preparation of the sample is by making a “pseudo-parallel-plate-capacitor” by connecting two
electrical leads to either end of a film or pellet of the material. Most bulk materials are difficult to
suspend in common solvents such as alcohols, water, or organic solvents and are thus relegated to
pellets for characterization as bulk transition metal oxides are commonly in the form of powders
[11]. Transition metal oxide nanoparticles on the other hand can sometimes be suspended in
solutions depending on many factors related to the surface, size and morphology of the
nanoparticles. Sample uniformity is an important factor on how much of the sample can suspend
as well. Without high sample uniformity, it may be difficult to get the correct concentrations
suspended in solution [92]. If these requirements can be met, it is possible to create a thin film of
nanoparticles through spin coating, drop casting, or spray coating, thus opening up many different
ways to prepare the sample [12,93,94]. If sample suspension is not possible, the nanoparticles will
have to be made into a pellet for characterization.
The concept of making a pellet is to concentrate as much of the material as possible inbetween the two electrical leads in order to ensure that is truly what you are measuring as air can
make up a large portion of the volume fraction within the pellet. This is why a die or mold is
necessary for a proper measurement. Being able to apply a measurable amount of pressure for
reproducibility is important as well. Before pressing the pellet, it is important to grind the powder
into a very fine powder, either by ball milling or with a mortar and pestle. This will ensure there
are no abnormal clumps of stuck together grains and the pellet can get as close to the spherical
close packed limit (74% [95]) as possible (depending on the shape of the grains). Drying the
powder in a vacuum oven overnight can aid in making a fine powder as well.
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The concept of making a thin film of nanoparticles is the same as making the pellet, but by
spin coating, drop casting, or spray coating, the possibilities of device integration are much higher
due to the physical flexibility of the film. This is why it is favored over making a pellet as the end
goal for research in the field of the ferroelectric, ferromagnetic, or multiferroic materials is
commonly device integration [96]. That being said, there are many more variable to control when
spin coating, drop casting, or spray coating such as solvent used and substrate. For all three
techniques, solvent and substrate compatibility is a highly important factor, if the solvent cannot
wet the substrate, then there will be no film. In order to make a capacitor, a bottom and top
electrode must be made on the substrate as well. These can be deposited by physical vapor
deposition (PVD) of a suitable metal such as copper, silver, or gold depending on the application.
It may be difficult to get these metals to adhere to the substrate depending on what the substrate
is, it may be necessary to evaporate a thin layer of chromium which the metals are much more
likely to adhere to. The option to make individual bottom electrodes by use of a stencil in the PVD,
or one large bottom electrode by simply evaporating the metal onto the substrate is largely up to
preference, but each method has its pros and cons. For both options, it is important that the solvent
chosen wets the metal as well. When spin coating it is important to get a thick enough film on the
bottom electrode so that when evaporating the top electrode there is not enough void space in the
film for the metal to seep through the film and create a short. This can be controlled by the speed
at which spinning is done, and how much of your solution you place on the substrate. Multiple
spin coatings can be done, but it is important to let each layer dry before the next spin coating.
This can effectively create a multilayered nanocomposite where there are alternating layers of
nanoparticle film and dielectric polymers such as polyvinylpyrrolidone (PVP), polyvinylidene
fluoride (PVDF), or poly(furfuryl) alcohol [93,94].

1.4.6 Dielectric Constant
In order to measure dielectric constant of a transition metal oxide nanoparticle, the
capacitance as a function of frequency must be measured first. From this measurement, it is
possible to extrapolate the effective dielectric constant of the nanocomposite that was measured
(either a pellet or a thin film as mentioned above) using the following equation:

𝐶=

𝜀0 𝜀𝑟 𝐴
𝑑
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Where 0 is the permittivity of free space, a constant with the value of 8.85418 x 10-12 m-3kg-1s4A2,
r is the dielectric constant of the material being studied, A is the cross-sectional area of the
electrode, and d is the thickness of the capacitor (thickness of film or pellet).
Measuring the capacitance over a range of frequencies is not a trivial task however, as
capacitance (and through the relationship above, effective dielectric constant) is a function of
frequency, as well as temperature. Dielectric constant is commonly reported as a function of
temperature in order to show phase change of the crystalline material in question [97]. These types
of measurements show a large variance in dielectric constant over a range of temperatures. As a
function of frequency, a similar variance in dielectric constant is seen in many publications in the
field of dielectrics.

Figure 20: Effective dielectric constant as a function of frequency for a series of doped
KNbO3 0-3 nanocomposites where the matrix is air. Reproduced from [10].

Great care must be taken when reporting dielectric constant of a material as it can vary
depending on how the measurement is made. If a pellet or film made from purely transition metal
oxide nanoparticles is made and measured as a function of frequency, the measurement will show
a much higher dielectric constant at lower frequencies (as shown in the figure above) than at higher
frequencies. This elevated measurement of dielectric constant is due to what is known as interstitial
charging, or space charging. This most commonly arises when measuring nanocomposites because
of the amount of void space created due to the physical packing of the nanoparticles (usually
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spheres). The void space can be composed of many things but is mostly composed of air and water.
This is where the volume fraction of the void space to nanoparticle becomes a large factor
contributing to the measurement of the dielectric constant. If 50% of what is being measured
between the electrodes is not the material itself, then what is truly being measured? Because an
alternating current (AC) power source is used, the current is changing from positive to negative at
a given frequency. Materials that can polarize (high polarizability) such as ferroelectric materials
will be able to align with the applied electric field and be able to store the energy more efficiently.
At low frequencies, the alternating current is slow enough that the air and water in the void space
can have a huge contribution to the storage of energy in a capacitor, this is seen in the large
dielectric constant observed at these frequencies (< 104 Hz). At higher frequencies, the switching
between positive and negative current is too quick for the air and water to compensate for and the
intrinsic dielectric constant is observed, or the dielectric constant of the dielectric material in
question [98]. This means it is important to fill the void space between nanoparticles with
something that has a stable dielectric constant across a wide range of frequencies. This can be done
by using a monomer small enough to fill the void space and can be polymerized in-situ such as
furfuryl alcohol (and its polymer poly(fufuryl) alcohol) or can be done with other polymers that
can be suspended in solvents that the nanoparticles can be suspended in such as
polyvinylpyrrolidone in ethanol. This will create a 0-3 nanocomposite where the nanoparticles
(filler) are dispersed in a polymer (matrix). The 3 referring to the 3D component of the 0-3
nanocomposite and the nanoparticles referring to the 0D component of the nanocomposite as
nanoparticles can be seen as 0D.
With the void space filled with a dielectric polymer with a known dielectric constant stable
across a wide range of frequencies, the measurement becomes much more stable across the range
of frequencies as seen below:
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Figure 21: Effective dielectric constant as a function of frequency for a series of doped
KNbO3 0-3 nanocomposites where the matrix is poly(furfuryl) alcohol. Reproduced from [10].

This can come as a tradeoff because the effective dielectric constant can be much larger at lower
frequencies than with a well-insulated 0-3 nanocomposite when space charging is considered [98].
However, the tradeoff is trading a high dielectric constant in a small range of frequencies and a
lower one at higher frequencies for a stable dielectric constant over a large range of frequencies
which is much more useful for devices that aim to access many frequencies such as radio
communication devices.
As mentioned above, 0-3 nanocomposites are composed of a filler and matrix, but this
means that the two components can be mixed at different volume fractions depending on the
application. It is possible to model the relationship between dielectric constant and volume fraction
effective medium approximations. An effective medium approximation (EMA is a tool for treating
and predicting the properties of a macroscopically inhomogeneous medium in which different
physical properties vary in space. EMAs are designed to define averages which one hopes will be
representative of the system and relate to experimental measurements. The two EMAs that are
used in this thesis are the Lichtenecker equation and the Interphase model. The Lichtenecker
equation is an earlier medium approximation for a two-phase composite developed originally when
the parallel and series rules of mixtures could not adequately describe a dielectric medium
[99,100].
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log 𝜀𝑒𝑓𝑓 = 𝜈ℎ 𝑙𝑜𝑔 𝜀ℎ + 𝜈𝑓 𝑙𝑜𝑔𝜀𝑓
Where eff, h, and f are the permittivity of the composite, host (polymer matrix), and filler,
respectively, and h, and f are the volume fractions of the host and filler, respectively. The
Lichtenecker equation does not allow for modification according to the shape of particles, being
developed for spherical particles only.
A more recent model developed by Ezzat et al. [101] considers particle shape/orientation
as well as interphase spacing. Instead of approximating a two-phase composite medium as
consisting of only filler and host, the interphase region between particles is treated as three-phase:
host, filler, and air (void). While this region cannot be quantified or probed, the model considers
the experimentally and computationally verified conclusion that beyond a critical filler volume
fraction void space increases [102,103].
𝛽

𝛽

𝛽

𝜀𝑒𝑓𝑓 = 𝜐𝑓 𝜀𝑓 + 𝜐 ′ (1 − 𝜀ℎ )
Where  is a dimensionless parameter which depends on the shape and orientation of the filler.
For spherical nanoparticles  = 1/3 and ’ is as follows:

𝜐 ′ = 𝜐𝑓

1 − 𝜐𝑓
1 + 𝜐𝑓

Above, ’ compensates for the void space within a nanocomposite.
While any simple model cannot include all parameters required to adequately describe a
nanocomposite, it is genrally accepted that EMAs, when applied to 0-3 nanocomposites, can
assume relatively good fits at low volume fractions of filler (nf < 0.30) byt at higher volume
fractions of filler, it appears that almost all models do not corroborate with experiment [104,105,
106]. This is usually attributed to an increase in void space within the framework of the composite
[107]. The more recent models, such as the interphase model, attempt to account for this observed
deviation and attempt to better compensate for it.
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Figure 22: Effective permittivity as a function of filler volume fraction showing a clear
deviation from the provided effective medium approximations. Reproduced from [82].

1.5

Summary:
This body of work seeks to address the various difficulties in the synthesis and

characterization of multifunctional transition metal oxides. Many syntheses require high
temperature calcination steps to complete crystallization, however the modified sol-gel method
described in this thesis provides an alternate chemical route to similar and novel products. This
can provide a possible alternative route to device fabrication due to integration of these
nanoparticles. In the following chapters of this thesis, three projects will be described, in chapter
2, a series of Ba and Ni doped KNbO3 nanocrystalline perovskites, [KNbO3]1-x[BaNi0.5Nb0.5O3-]x,
were successfully synthesized via modified sol-gel method at 525℃, a lower temperature
calcination step than previously reported. The perovskites were shown to have potential device
integration in the form of a 0-3 nanocomposite with poly(furfuryl) alcohol due to low dielectric
loss tangent and high effective permittivity. Chapter 3 discusses a series of Fe doped BaTiO3,
Ba(Ti1-xFex)O3, where a room temperature modified sol-gel method was shown to produce fully
dispersible spherically uniform 8 nm nanocrystalline particles for use in the multiferroic field. It
was shown that magnetic Fe3+ concentrations replacing the Ti4+ atom on the B site of the perovskite
could go up to 100% substitution of the Ti4+ resulting in an entirely different crystal structure.
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Finally, in chapter 4 of this thesis, a novel series of double perovskites was synthesized using a
modified sol-gel method in combination with solvothermal techniques to produce both Ba2NbTiO6
and Ba2TaTiO6. Characterization of these materials show varying size and shape of the
nanoparticles from 10-30 nm, and due to the size of the Nb5+ and Ta5+ ions, the same crystal
structure was identified through XRD analysis. Temperature dependent Raman studies show a
clear phase transition at 270℃ and 290℃ for Ba2NbTiO6 and Ba2TaTiO6, respectively. These
studies provide an alternate route to the synthesis of these materials that provides a lower
temperature calcination step. This provides an alternate avenue for possible device integration of
these nanoparticles.
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2

Synthesis and dielectric properties of the nanocrystalline solar oxide

perovskites, [KNbO3]1-x[BaNi0.5Nb0.5O3-]x, derived from potassium niobate KNbO3
by gel collection

2.1

Introduction
Of the perovskite class of ferroelectrics, potassium niobate (KNbO3) is one of the most

studied due to the range of interesting properties attainable1,2. KNbO3 has a nonlinear optical
response,3 due to its spontaneous polarization at room temperature, as well as frequency doubling4
in low and medium powered lasers. KNbO3 is of particular interest to many scientists because of
its high temperature ferroelectricity and piezoelectricity, useful for device functionality, with the
added benefit of being lead free1,2. Furthermore, the possibility of doping the structure with
elements allows for the properties to be further modified or tuned5-7. Traditional solid state
methods to synthesize KNbO3 use high temperatures in the range of 1100-1200°C. This is not
ideal, nor compatible with electronic device manufacturing techniques or integrated device
manufacturing.
Recently the prospect of using perovskite oxides for visible-light-absorbing ferroelectric
and photovoltaic materials has been reported, and KBNNO has gained attention for its
performance as a ferroelectric photovoltaic.8,9 The proposition is that the presence of strong
inversion symmetry breaking from spontaneous electric polarization can promote the desirable
separation of photo-excited carriers, allowing voltages above the bandgap, which may enable
efficiencies beyond the maximum possible in a conventional p-n junction solar cell. It has been
shown that the parent compound, KNbO3 (KNO), can be doped with Ba and Ni at various
controlled stoichiometries in order to produce a material called KBNNO with the composition
[KNbO3]1-x[BaNi0.5Nb0.5O3-]x. This perovskite oxide material has been shown to exhibit both
ferroelectricity and a wide variation of the direct bandgap in the range 1.1-3.8 electronvolts8. In
the case of x = 0.1, KBNNO is polar at room temperature, has a direct bandgap of 1.39 eV8 and a
recorded photocurrent density much larger than that of classic ceramic ferroelectrics, for example
50x larger than (Pb,La)(Zr,Ti)O3. The ability of KBNNO to absorb three to six times more solar
energy than the current ferroelectric materials suggests a route to viable ferroelectric
semiconductor-based cells for solar energy conversion and motivates the exploration of synthetic
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routes to KBNNO and its analogues. A common problem in most ferroelectric photovoltaic
materials is the wide band gap (usually >3.0 eV), which makes absorbing visible light a challenge.
Introducing the Ni2+ onto the B-site and oxygen vacancies by mixing BaNi0.5Nb0.5O3- (BNNO)
with KNbO3 effectively allows for a tunable band gap of 1.1-2.0 eV8,9, which is much lower than
the band gap of KNbO3, 3.16 eV10. Since KBNNO has been presented as a strong candidate for a
ferroelectric photovoltaic material, the material warrants further investigation. In this paper we
demonstrate that sol-gel derived chemical solution processing methods can be readily adapted for
the synthesis of KNbO3, and show that facile doping to produce KBNNO, with compositions x =
0.1 - 0.3, is achievable. We performed structural and morphological characterization of these
ferroelectric nanocrystalline systems, combined with in depth analysis of their dielectric properties
in nanostructured and nanocomposite form.
Given that KBNNO can be viewed as a doped version of KNO, the first obvious route to
making the compound is by ceramic processing at high temperatures, but such methods limit the
imagination in terms of how this material may ultimately be adopted in device technology. A
universal challenge, both in the commercial and university R&D settings is to develop alternatives
to high temperature ceramic processing (firing, sintering or calcination), that can allow for a
broader range of ceramic technologies to be integrated more effectively with circuit design, and
open more technology avenues such as flexible electronics, novel device topologies, and roll-toroll fabrication.11–13 In this work we put forward a chemical solution method to synthesize both
KNbO3 and KBNNO by a hybrid sol-gel, non-aqueous synthesis known as gel collection.14,15 It is
a precursor driven technique that allows for doping of nanocrystalline KNbO3 with Ba and Ni to
make [KNbO3]1-x[BaNi0.5Nb0.5O3-]x (KBNNO). We previously reported a simple, green and
scalable “self-collection” growth method to produce uniform and aggregate-free colloidal
perovskite oxide nanocrystals including BaTiO3 (BT), BaxSr1-xTiO3 (BST) and BaSrTiHfO3
(BSTH) in high crystallinity and high purity16. The synthesis approach is solution processed, based
on the sol-gel transformation of metal alkoxides in alcohol solvents with controlled or
stoichiometric amounts of water and in the stark absence of surfactants and stabilizers. Under a
static condition, the nanoscale hydrolysis of the metal alkoxides accomplishes a complete
transformation to fully crystallized single domain perovskite nanocrystals with a passivated
surface layer of hydroxyl/alkyl groups, such that the as-synthesized nanocrystals can exist in the
form of super-stable and transparent sol, or self-accumulate to form a highly crystalline solid gel
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monolith of nearly 100% yield for easy separation/purification. We sought to adapt this method
for the synthesis of KNO and KBNNO.
2.2

Experimental
Potassium ethoxide (KOC2H5) 24 wt. % in ethanol and niobium ethoxide (Nb(OC2H5)5 )

99.95% trace metals basis were purchased from Sigma-Aldrich®. Nickel 2-methoxyethoxide
(Ni(O(CH2)2OCH3)2) 5% w/v in 2-methoxyethanol and barium ethoxide (Ba(OC2H5)2) 99.5%
(metals basis), 10% w/v in ethanol were purchased from Alfa Aesar®. Pure ethanol (200 proof)
was purchased from Decon Labs, Inc. All chemicals were used without further purification. In a
typical synthesis, mmol amounts of alkoxide precursors were used according to the target
stoichiometry. For example, for the synthesis of KNbO3, 1.6 mmol of KOC2H5 was combined with
1.6 mmol of Nb(OC2H5)5, and for the synthesis of [KNbO3]0.9[BaNi0.5Nb0.5O3-]0.1, 1.44 (1.6x0.9)
mmol of KOC2H5 was combined with 1.52 ((1.6x0.9)+(0.5x1.6x0.1)) mmol of Nb(OC2H5)5, 0.16
(1.6*0.1) mmol of Ba(OC2H5)2 and 0.08 mmol of Ni(O(CH2)2OCH3)2.
All compounds were synthesized under nitrogen in a glovebox by adding stoichiometric
amounts of KOC2H5 and Nb(OC2H5)5 to 40mL of ethanol and magnetically stirring for 30 min. 2
mL of deionized water was then added drop-wise via a 5 mL syringe. A white precipitate formed
and the resulting suspension was stirred for another 10 min. The suspension was then transferred
out of the glovebox and into a Teflon-lined stainless steel autoclave. The autoclave was then heated
to 180°C for 48 hrs. A white powder was collected by centrifugation at 8500 rpm for 20 minutes.
The white powder was then heated to 525°C in air. The calcination temperature of 525°C was
found to be the minimum optimal temperature for producing crystalline material. KBNNO was
synthesized using Ba(OC2H5)2 and Ni(O(CH2)2OCH3)2 in addition to KOC2H5 and Nb(OC2H5)5.
The powders were collected and used as is for characterization.
2.3

Characterization
The resulting nanopowders were characterized by X-ray powder diffraction (XRD), Raman

spectroscopy, transmission electron microscopy (TEM), and scanning electron microscopy (SEM).
The XRD measurements were performed on a PANalytical X’Pert Pro using Cu K radiation. The
Raman spectra were measured on a home-built microscopic Raman spectrometer with a 40X
objective and a Princeton Instruments Raman detector (model #PK244M-01AA-C3) using an 1800
g/mm grating with an air-cooled CCD detector. All Raman spectra were taken with a 488 nm
excitation wavelength. In order to resolve the active modes, Origin (OriginLab, Northampton,
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MA) software was used. Samples for the TEM were prepared by placing 5 l of the nanocrystalline
powder dispersed in ethanol solution on a carbon coated copper grid. TEM micrographs and
energy-dispersive X-ray spectroscopy (EDS) were recorded on a JEOL 2100 microscope. Cross
sectional SEM samples of the 0-3 nanocomposite were prepared by freeze cracking the
nanocomposite pellets with liquid nitrogen. The SEM micrographs were recorded on a Supra 55
SEM.
Impedance analysis was performed on all samples in order to measure the frequency
dependent dielectric constant. The powders were pressed into a pellet by applying 15-20 MPa of
pressure using a Cyky 12T Laboratory manual powder metallurgy press machine and a 0-3
nanocomposite was made by applying an appropriate amount (enough to cover the surface) of
fufuryl alcohol (FA) to the surface of the pellet. The nanocomposite was then heated to 100°C for
6 hours to encourage polymerization into poly fufuryl alcohol (PFA). A piece of copper conductive
adhesive tape was placed on a glass substrate and then a silver contact bottom electrode was made
using MG Chemicals 2 part silver conductive epoxy. The 0-3 nanocomposite pellet was then
placed on top of this electrode and a top circular electrode was made on top of the pellet. The
capacitance and dielectric loss tangent were measured over the range of 100 Hz-2 MHz using an
Agilent E4980A Precision LCR Meter.
2.4

Results and Discussion

Structural Characterization
Gel collection was applied to the synthesis of KNbO3 and KBNNO ceramics in which
nanocrystalline powders can be produced from solvothermal treatment of alkoxide prescursors,
following a low temperature (< 550°C) calcination step. In order to generate KBNNO, [KNbO3]1x[BaNi0.5Nb0.5O3-]x,

it is a reasonable thought experiment to start with KNO (KNbO3) and

introduce increasing amounts of Ba and Ni dopants to the lattice. The XRD patterns of KNbO3 and
KBNNO ceramics for x = 0.1, 0.2 and 0.3 are shown in Figure 1. The Bragg reflections of KNbO3
(x = 0) can be indexed to the orthorhombic crystal system of Amm2,17 typically observed for this
structure. In order to confirm the structure, nanopowders of KNbO3 were further heated to 700°C
and 900°C (Supporting information Figure S2), showing an increase in the resolution and
intensities of the XRD profile. It was also possible to perform Rietveld analysis on these powder
spectra, including the data acquired at 525°C. The unit cell parameters obtained for KNbO3 are a
= 3.99323 Å, b = 5.68794 Å, and c = 5.70066 Å. Rietveld simulation confirmed the structure to be
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the orthorhombic crystal system with space group Amm2, details are provided in the supporting
information (Figure S1, and Table S1).
In the case of KBNNO for x = 0.1-0.3 one can observe a change in the powder diffraction
profile, in which the Bragg reflections index well to the cubic crystal system of Pm3m18. In
particular the distinction between the (110)/(001) and (220)/(002) Bragg reflections in peak sets at
around 22 and 45 2θ, clearly observable in the case of KNbO3, converge and indexing to (001) and
(002) becomes preferable. This appears to be an indication of the onset of a transformation of the
crystal structure from orthorhombic to cubic, with increasing value of x. This is also consistent
with previously reported XRD data of KBNNO prepared by traditional solid state synthesis8.
Rietveld analysis of this high symmetry set of Bragg reflections was inconclusive, due to the
number of possible space groups, and variable coordinates for Ba and Ni. DFT calculations on
KBNNO have previously relied on a structural model using a 60-atom perovskite-based supercell8.
The introduction of a BNNO portion into the crystal lattice of KNbO3 seems to change the
morphology of the crystal to cubic with increasing BNNO as seen in Fig. 2. By KBNNO x = 0.3,
the nanocrystalline powders are completely cubic.

Figure 23: XRD patterns of: (a) KNbO3, (b-d) [KNbO3]1-x[BaNi0.5Nb0.5O3-]x KBNNO (b) x = 0.1, (c) x =
0.2, (d) x = 0.3, All samples shown were sintered to 525 °C for 2 hrs.
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Figure 24: TEM images of (a) KNbO3, (b-d) [KNbO3]1-x[BaNi0.5Nb0.5O3-]x KBNNO (b) x = 0.1, (c) x =
0.2, (d) x = 0.3, All samples shown were sintered to 525 °C for 2 hrs.

The samples were further evaluated for morphology and degree of crystallinity by
transmission electron microscopy (Figure 2). All samples were observed to be nanocrystalline.
The morphology of KNO appeared to adopt a more rounded character whereas the KBNNO
samples (x = 0.1 to 0.3) had well defined cubic edges. The average particle size may have been
affected by the addition of BNNO into the crystal lattice. KNbO3 had an average particle size of
~50 nm whereas with increasing BNNO concentration, we were able to attain crystals of 20 nm
and smaller. All samples are polycrystalline as shown by the selected area diffraction in figure 2.
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Figure 25: (a) Raman spectrum of KNbO3 measured with an excitation wavelength of 488 nm (black line),
fitted spectrum (red line) resolved modes (green line), (b) Raman spectra of KBNNO x = 0.1-0.3 with an excitation
wavelength of 488 nm.

To distinguish between KNO and KBNNO, and to confirm inclusion of the Ba and Ni ions into
the lattice, Raman spectroscopy was performed on all samples. The recorded Raman spectra is
shown in Figure 3. There are 4 modes in the low to mid wavenumber region (100-400 cm-1). The
A1(TO, LO) mode at ~280 cm-1 corresponds to a BO6 bending vibration9, while the A1(TO) and
the B1(TO) at ~245 cm-1 and 188 cm-1 respectively, are indicative of a long-range polar order as
seen by Luisman et al.19. The B2(TO) mode has been reported by Quittet et al.20 and Shen et al.21.
A weak overtone is seen at ~890 cm-1 in the KNbO3 Raman spectrum and is a combination of the
B2(TO), A1(TO) (245 cm-1) and the B1(TO) (535cm-1). Upon increasing x value (x ≥ 0.1) the
Raman spectrum changes rather dramatically as seen in figure 3 (b). Most notable is the
disappearance of the A1(TO,LO) mode at ~296 cm-1 in favor of a broadening of the A1(TO) mode
as denoted by 3. It is important to note that there is a shift in frequency in the A1(TO) mode at
~605 cm-1 and B1(TO) mode at ~534 cm-1 as denoted by  4 and  5 which are at ~537 cm-1 and
~581 cm-1 respectively. Furthermore, these two modes,  4 and  5, coalesce to form one broad
mode at ~563 cm-1 as x > 0, which can be attributed to the change in crystal structure from
orthorhombic (KNbO3) to cubic (KBNNO x ≥ 0.1). The A1(LO) mode (~834 cm-1) shows a shift
to ~824 cm-1 and a new mode, denoted by  7 arises with increasing Ni2+ concentration at ~880 cm1

, which is in agreement with Zhou et al.5, and corresponds to a BO6 octahedral stretching due to

the presence of Ni2+. There is also a frequency dip at 200 cm-1 in figure 3 (a) and (b) along with
the above mentioned peaks A1(LO) and the 6 peak which are observed by Ginberg et al.8 and
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Zhou et al.5 which have been identified as signatures of ferroelectricity in KNbO3-based solid
solutions22.
Synthesis Mechanism
Solution processed methods for preparing high quality inorganic oxide films and
composites, especially ones that can be generalized23 are of great interest.24,25 Low temperature
chemical methods may prove cheap and easy to integrate within an existing manufacturing
framework, or prove compatible with a disruptive approach, such as printing or spray coating.
Second, R&D efforts can take advantage of low temperature techniques to discover new
compounds due to the ability of introducing dopants via chemical reaction.26–29 In traditional solgel reactions, transformation to an extended amorphous inorganic polymer network proceeds
through acid/base catalyzed hydrolysis in water, of metal alkoxides and metal chlorides, and the
sol-gel is continuous, within liquid and gel.30 The reactions take place in air with little or no
attention paid to the effect of O2, CO2 and mineral contaminants, be they dissolved in the solvents
or at the interface, however, both oxygen and dissolved carbonic species can greatly influence the
reaction pathway. Oxygen and water both oxidize the metal centers but via different intermediates,
and the formation of carbonates is highly thermodynamically favored, and can hamper opportunity
for more mixed metal/valence structures. In the process we outline here, the initialization of the
reaction takes place at near room temperatures. Non-aqueous polar protic solvent environments
are used without ligands to avoid (i) an abundance of organic content, and (ii) interference with
the kinetics of oxide formation. Metal-oxide bond formation is initiated by stoichiometric
quantities of water – H2O is used as molar reactant – but the gel is not miscible with the solvent
and precipitates out. Unlike sol-gel, the controlled use of hydrolysis agents is simultaneously
performed with rigorous exclusion of O2, CO2 etc. Rather than controlling nucleation and growth
using passivating ligands (as is the case in nanoparticle synthesis), the consumption of reactant in
the alcohol medium at near room temperature prevents further growth. The surface states of oxide
perovskite nanocrystals produced by this method have been shown to be short chain groups
(methoxy, ethoxy) in low density.15
KNbO3 is a well-known perovskite oxide with the general structure of ABO3 where Nb resides
in the octahedron surrounded by the 6 O atoms. Upon addition of nickel ions into the unit cell,
oxygen vacancies are generated8 with local structure Ni2+-VO-Ni2+ and Ni2+-VO-Nb5+ due to charge
balancing. We further investigated the chemical route for synthesizing KNbO3 and KBNNO
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(mechanism provided in supporting information figure S3) where the molecular precursors are
metal alkoxides. Our postulated synthesis mechanism is summarized as follows: On addition of a
stoichiometric amount of water to the solution of KOC2H5 and Nb(OC2H5)5 in ethanol for KNbO3,
and KOC2H5, Ba(OC2H5)2, Nb(OC2H5)5, and Ni(O2C3H7)2 in ethanol, nucleophilic attack by the
H2O molecule on the positively charged Nb and Ni atoms leads to an intermediate octahedrally
coordinated Nb and a tri-coordinated Ni atom center:
(1) Nb(OCH2CH3)5 + H2O
(2) Ni(O(CH2)2OCH3)2 + H2O

Nb(OH2)(OCH2CH3)5Ni(OH2)(O2C3H7)2-

Nb(OCH2CH3)5 is likely the driving force of reactivity in this reaction as it is the most electrophilic
of the molecular precursors similar to Ti(OiPr)4 in the synthesis of BST nanoparticles15. The close
proximity of Ni(O(CH2)2OCH3)2 due to the homogenous mixing in solution allows for even
substitution into the octahedron which may otherwise not occur. The counterions, Ba2+ and K+
then coordinate with the negative six-coordinated Nb(OH2)(OCH2CH3)5- and Ni(OH2)(O2C3H7)2in order provide charge balancing. There is then a transfer of a proton from the H2O molecule to
the negatively charged alkoxy group, ethoxide for Nb, and 2-methoxyethoxide for Ni. The transfer
of the proton leads to the elimination (alkoxolation) of the corresponding alcohols, HOCH2CH3
and HO(CH2)2CH3. At this point the solution is put into a stainless steel Teflon lined autoclave at
180°C for 2 days. This aids the process of the formation of the Nb-O-Nb and Nb-O-Ni bonds
through polymerization. The amorphous powders are then collected by centrifugation and the
condensation/crystallization process occurs upon sintering at < 525°C. Previous syntheses of
KBNNO involved the use of stoichiometric quantities of dried K2CO3, BaCO3, NiO, and N2O5
powders. The powders were ball-milled and then calcined at 900°C and then further sintered to
1050-1250°C8,9. The chemical route to the synthesis of KBNNO described here provides a lower
temperature of crystallization due to the hydrolysis of metal alkoxides, which have a lower reaction
energy due to the kinetics of the reaction.
Dielectric Properties
The dielectric properties of both nanocrystalline KNO and KBNNO were investigated in
both compressed pellet form and as a polymer-nanoparticle 0-3 nanocomposite. The permittivity
values were analyzed in the context of a full assessment of error and uncertainties and compared
with literature reported values for the bulk. Given that both materials are ferroelectric, high values
of permittivity are expected, however, the measurement requires care due to the nature of how the
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dielectric constant is obtained for nanocrystalline samples consisting of contiguous nanoparticles,
and interfaces and interstitial void space that can contribute to space charge effects.

Figure 26.1: (a) Effective dielectric constant of KNbO3 and KBNNO x = 0.1-0.3 nanoparticle pellets over a
frequency range of 100 Hz-2 MHz, (b) Dielectric loss of KNbO3 and KBNNO x = 0.1-0.3 nanocomposite pellets
over a frequency range of 100 Hz-2 MHz. The pellets are essentially a nanoparticle/air 0-3 nanocomposite. The
volume fraction of nanoparticle is presented in Table 4.

Figure 26.2: (a) Effective dielectric constant of KNbO3/PFA and KBNNO/PFA x = 0.1-0.3 nanocomposites
over the frequency range of 100 kHz-2 MHz, (b) dielectric loss of KNbO3/PFA and KBNNO/PFA x = 0.1-0.3
nanocomposites over the frequency range of 100 kHz-2 MHz. The nanocomposite shows a significant suppression of
space charge and leakage effects that dominate in Fig. 4.1.

Nanocrystalline KNO and KBNNO were first pressed into a pellet (15-20 Mpa) with
dimensions of approximately 5 mm diameter and 100 m thick. The nanostructure of the pressed
pellet was taken by SEM (Figure 5) and shows the uniform particles contiguously packed. These
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pellets were subsequently prepared for impedance analysis. In order to measure the dielectric
properties without the interference of space charge and surface species from the pure
nanocrystalline sample, nanoparticle-polymer composites can be prepared. Void space between
the nanoparticles can be eliminated with the introduction of a polymer, backfilled as a monomer
and polymerized in situ. We previously reported the use of poly furfuryl alchohol as an ideal
polymer of known dielectric constant for this purpose16. Furfuryl alcohol (2-furanmethanol,
referred to by some vendors as furfural alcohol, abbreviated here as FA) is a versatile solvent that
shows good affinity to the surface of oxides of this kind and good compatibility with various
solvents. The polymerization process occurs with heating in the presence of the nanoparticle
surface without the addition of any acid catalyst. FA was therefore used as an effective void filler
as well as a polymerizable solvent to prepare densely packed nanocrystal/polymer 0-3 composites
with dramatically improved and stabilized dielectric properties over a wide range of frequencies
and improved mechanical strength and adhesion. The 0-3 nanocomposite was made by applying
an appropriate amount (enough to cover the surface) of fufuryl alcohol (FA) to the surface of the
pellet. The nanocomposite was then heated to 100°C for 6 hours to encourage polymerization into
poly fufuryl alcohol (PFA). The mechanism of FA acid-catalyzed polymerization of furfuryl
alcohol (the acid-catalyzed chain extension of –CH2OH ended furfuryl alcohol oligomers) has
been described previously by Dunlop and Peters, and subsequent reports31,32. It is assumed that the
–CH2OH groups react with the C5 carbon of a neighboring furfuryl alcohol moiety to produce a
polymer with methylene cross links (see supporting information, Figure S9), plus mutual reaction
of –CH2OH groups to produce methylene ether links in both cases with the elimination of water.
The methylene ether group undergoes decomposition, especially at elevated temperature (> 90°C)
with the elimination of formaldehyde (CH2O) to produce methylene cross-links. During
nanocomposite formation, the elimination of H2O and CH2O are observed, and it is supposed that
the nanoparticle surface alkoxy groups (-ROH) combined with heating provide sufficient
conditions for FA polymerization.
The dielectric constant of the KNbO3/PFA and KBNNO x=0.1-0.3/PFA nanocomposites
was measured over the frequency range of 100 Hz to 2 MHz. The dielectric loss of these
nanocomposites was also measured on the same instrument. It is shown, in the cross-sectional
analysis in fig. 5, that the PFA polymer infiltrated the pellet and filled the void space very well.
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Figure 27: (a) SEM top view of pellet of KBNNO (x = 0.2) without PFA showing a relatively uniform
nanostructured morphology with an average particle of size of ~20 nm, (b) SEM top view of pellet of KBNNO (x =
0.2) with PFA infiltration, (c) SEM cross section of pellet of KBNNO (x = 0.2) with PFA infiltration, (d) SEM cross
section of pellet of KBNNO (x = 0.2) with PFA infiltration.

The nanocomposite pellets can be considered a 0-3 type composite made up of nanocrystal
fillers (granular) with high k, distributed evenly in a continuous dielectric PFA polymer host
matrix. It is important to assess the effective dielectric constant, eff, of the 0-3 nanocomposite by
taking into account the volume fraction of the high k dielectric nanocrystal. If the volume fraction
of the high k component is not in the majority, there will be a negligible impact on eff21. A modified
approach to the Kerner model33,34 with correction of the volume fraction can be used in order to
calculate the effective dielectric constant and is expressed as:
𝜀𝑒𝑓𝑓 =

𝜀ℎ ∗𝑣ℎ +𝜀𝑓 ∗𝑣𝑓 ∗(𝐴)(𝐵)
𝑣ℎ +𝑣𝑓 ∗(𝐴)(𝐵)

Where 𝐴 = 𝜀
And 𝐵 = 1 +

,

3𝜀ℎ
𝑓 +2𝜀ℎ

3𝑣𝑓 ∗(𝜀𝑓 −𝜀ℎ )
𝜀𝑓 +2𝜀ℎ

Where h and f are the dielectric constants of the host and the filler respectively and h and f are
the volume fractions of the host and filler respectively. The Kerner model34 along with its
variants33,35 take into account the influence of particle-particle dipolar interactions as well as their
effects on the dielectric medium in which they are dispersed in. As a micromechanical model, the
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Kerner model attempts to achieve a reasonable approximation for calculating the dielectric
constants based on a high-volume fraction of filler spherical particles.
A pellet of pure nanocrystal, as seen in fig 5 (a) is porous and has significant void space due to the
packing of the nanocrystals. It will also absorb H2O from the air over time, which will contribute
to a large spike in the dielectric constant along with interfacial polarizations (space charges) as
seen in fig 4.1 (a). This higher dielectric constant and dielectric loss is observed in the lower
frequency range (~100 Hz) and is due to the aforementioned space charges and surface absorbed
H2O molecules whose polarization direction cannot deal with the switching frequency of the AC
electric field21. The dielectric loss and dielectric constant eventually smooth out at higher
frequency (< 104 Hz) because the intrinsic dielectric properties of the KNbO3 or KBNNO
nanocrystal become dominant.
In striking contrast, the KNbO3/PFA and KBNNO/PFA nanocomposites show very stable
dielectric loss and dielectric constant over a wide range of frequencies (fig 4.2 (a) and (b)). As
expected, the dielectric constant has a slight decrease towards higher frequencies and the dielectric
loss shows a slight increase. This stability in dielectric loss and dielectric constant is due to the
infiltration of the PFA polymer and the filling of the majority of the void space in between the
nanocrystals (fig 5 (a) before, (b) after infiltration). The filling of the void space eliminates the
possibility of space charge aggregation and suppresses leakage, originally due to percolation of
electrons through the contiguous nanocrystalline material.

Table 4: Comparison of dielectric properties of KNbO3/PFA and KBNNO/PFA nanocomposites (taken at 1 MHz).

Sample

KNbO3/PFA
nanocomposite
KBNNO x = 0.1/PFA
nanocomposite
KBNNO x = 0.2/PFA
nanocomposite
KBNNO x = 0.3/PFA
nanocomposite

Effective dielectric
constant, eff, of
nanocomposite
41.2

Dielectric loss

Volume fraction of
nanocrystals (%)

0.02

~51

70.8

0.03

~67

94.0

0.05

~67

108.3

0.04

~68
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The effective dielectric constant of the nanocomposites was calculated based on the generalized
technique of impedance analysis and conversion to capacitance, in this case using an Agilent
E4980A Precision LCR Meter. The measurement requires a precise value of area (A) of the
electrodes and thickness (d) of the nanocomposite, in order to determine the effective dielectric
𝐴

constant, eff, from𝐶 = (𝜀𝑒𝑓𝑓 𝜀0 ) 𝑑. The results are presented in Table 1. A comprehensive error
analysis was performed (see supporting information Discussion S10) in order to demonstrate the
best level of accuracy, and level of uncertainty, obtainable for this value.
The determination of the average dielectric constant of individual nanoparticles of the oxide
embedded in a host matrix (the PFA filler) was performed using the Kerner model described above.
The Kerner model is a treatment for a high-volume fraction of filler and a lower volume fraction
of host, based on spherical particles. We therefore observe that our calculations of dielectric
constants will depend on (i) accuracy of the volume fraction calculations, based on volume and
mass of the pellet; (ii) accuracy of the Kerner model, including principles and practice. The volume
fraction calculation and uncertainties can be determined based on volume, mass and density of
filler (see supporting information).
However, it was found that the Kerner model does not account for a high effective dielectric
constant given the calculated volume fractions. Given the calculated error in the effective dielectric
constant (see supporting information discussion S10) it is very difficult to obtain a reasonable
value for the intrinsic dielectric constant of the nanoparticle using the Kerner model.
Another composite model has been proposed by M. Ezzat et al36, which takes into account particle
shape/orientation as well as the interphase spacing between nanoparticles. The model is based on
the interphase power-law model37 yet with an introduced technique to predict the interphase
dielectric constant. Within the interphase may lie air, matrix, and filler atoms, all of which may
affect the interactions between nanoparticles embedded in a nanocomposite. When modeling a
nanocomposite consisting of nanoparticle fillers and a polymer host, there is a considerable amount
of air in the interphase region. Therefore, the interphase dielectric constant can be attributed to
polymer and air:
𝛽

𝛽

𝛽

𝜀3 = 𝜀2 + 𝜑𝑎 (1 − 𝜀2 )
Above, ε3 is the dielectric constant of the interphase, ε2 is the dielectric constant of the polymer,
ϕa is the volume fraction of air within the interphase, and β is a dimensionless parameter depending
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on the shape and orientation of the filler. For spherical nanoparticles, β = 1/3. An overall formula
for the effective dielectric constant (εeff) using the interphase dielectric can written as:
𝛽

𝛽

𝛽

𝛽

𝜀𝑒𝑓𝑓 = 𝜑1 𝜀1 + (1 − 𝜑1 )𝜀2 + 𝜑 ′ (1 − 𝜀2 )
Where ϕ1 is the filler volume fraction, ε1 is the filler dielectric constant, and ϕ’ is:
𝜑 ′ = 𝜑1

1 − 𝜑1
1 + 𝜑1

At volume fractions lower than ~0.80, the interactions of nanoparticles with the surrounding
interphase becomes important to incorporate into a standard field approximation. The dielectric
constant of KNO and KBNNO x = 0.1-0.3 was determined by using the modified interphase
model36 and is 154, 180, 225, and 255 respectively. When comparing these values to that of the
bulk KNO literature values, it is not clear if there is a tabulated value that is measured given the
same parameters. Krad et. al.38 with the synthesis of nanoplates of KNbO3 and obtained value of
~200 at 1 MHz at 100°C, Birol et. al.39 reports a value of ≥1000 at 1 MHz at room temperature for
the solid-state synthesis of KNbO3, and Shirane et. al.40 reports a value of ≥500 at 10 kHz at room
temperature for the single crystalline orthorhombic KNbO3. KBNNO, being a relatively new
material, did not have as many tabulated values to compare to, Grinberg et. al.8 reports a dielectric
constant for bulk samples of KBNNO of ~520 for x = 0.1, ~310 for x = 0.2, and ~280 for x = 0.3
at ≥300°C however the frequency of the measurement was not provided. A lower value in dielectric
constant is to be expected for KNO and KBNNO x = 0.1-0.3 synthesized by gel collection because
of the size of the nanoparticles. It is proposed that a size dependent suppression of the
ferroelectricity of the nanoparticles could likely lead to a lowering of the dielectric constant. This
supposed size dependent suppression of ferroelectricity is also observable in the Raman notable in
the less pronounced, but still present frequency dip in the Raman spectrum in both fig. 3 (a) and
(b) at 200 cm-1.
2.5

Conclusion

In conclusion, nanocrystalline samples of KNbO3 and KBNNO x = 0.1-0.3 were synthesized
through use of the gel collection method, shown to be well crystallized and on the order of 20-50
nm depending on concentration of BNNO. Structural characterization shows an orthorhombic to
cubic phase transition upon BNNO substitution into the crystal unit cell. A method for preparing
dense PFA-perovskite oxide composites produced 0-3 nanocomposites with effective dielectric
constants of 41.2 for KNbO3, 70.8 for KBNNO x = 0.1, 94.0 for KBNNO x = 0.2, and 108.3 for

74

KBNNO x = 0.3. A full error analysis was conducted in order to verify the accuracy of the
dielectric measurements. We report a stable dielectric constant and low dielectric loss over the
frequency range 100 Hz-2 MHz. Through the use of the modified interphase model40, the dielectric
constants of KNbO3 and KBNNO x = 0.1-0.3 were calculated to be 154, 180, 225, and 255
respectively. These values are high when compared to many other oxide materials and demonstrate
the potential for high energy density capacitance. Given the size of the nanoparticles, a size
dependent suppression of ferroelectricity, further supported through Raman spectroscopy, is
proposed to be the cause of a decrease in the theoretically calculated dielectric constant than for
bulk KNO and KBNNO as reported in the literature.

2.6
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3

3.1

Stoichiometric control over ferroic behavior in Ba(Ti1-xFex)O3
nanocrystals

Introduction
Materials that exhibit ferroelectric and ferromagnetic (ferroic) properties have attracted the

attention of many researchers especially for the multidisciplinary topics of information storage,
spintronics, and multiple-state memory storage devices.1–4 The term multiferroic is used to
describe the coexistence of ferroelectricity and ferromagnetism in a single material. Furthermore,
a coupling between these two order parameters, termed the magnetoelectric (ME) effect, can
potentially enable the control of ferromagnetic behavior by an electric field and vice versa.
Materials of these complex orderings are few and far between when it comes to naturally occurring
minerals, and fewer still are those the exhibit, yet desirable, ME coupling.5 A device in which the
magnetization is controlled by an electric field, preferably at low voltages, at room temperature
and with ultrafast switching, is a prime goal.6 The added dimensions create multiple possibilities
for smart material technology, 4-state logic, and memory solutions for quantum computing. These
concepts are being explored extensively, becoming a major field of inquiry.7,8 A number of novel
multiferroic concepts and devices are emerging at this present time.9,10 The challenge of preparing
single phase multiferroics is a stimulating synthetic challenge under continuous revision and
exploration,11,12 and for a while it appeared, in the case of perovskites, that one property could only
exist at the exclusion of the other, in the sense that d0 was an almost necessary requisite for
ferroelectricity, while dn (n > 0) is a necessary requisite for magnetism. When designing a
multiferroic material, there are generally two routes to follow: one can layer alternating
ferroelectric and ferromagnetic materials,13–15 or one can aim to design a single phase material by
doping a magnetic species into a known ferroelectric material.16 In the latter case, chemical
solution processing via inorganic molecular precursors can potentially offer novel chemical
reaction pathways in thermodynamic space, with the goal of isolating new compounds, ease of
control over stoichiometry or difficult to attain phases, when compared to traditional high
temperature solid state synthesis frequently used for multiferroics.
The most well studied perovskite ferroelectric metal oxide is BaTiO3 due to its versatility
in electronic applications, ubiquitous presence in capacitors, and room temperature
ferroelectricity.17 While suppression of the magnitude of ferroelectric polarization is observed in
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solution processed BaTiO3 at the nanoscale, there is strong evidence to support the retention of
off-center Ti distortions all the way down to 5 nm, that can be the source of switchable dipoles,
and ferroelectricity.18–22 Therefore, it is still of consequence to pursue the development of
multiferroic compounds derived from nanoscale BaTiO3, bearing in mind a likely suppression of
Tc and/or more the requirement of sensitive techniques for the detection of potential multiferroic
behavior. Synthesis of BaTiO3 can be achieved using multiple routes from high temperature solid
state syntheses23 to sol-gel approaches24 to hydrothermal syntheses.25 These methods require high
temperatures synthesis while low temperature chemical solution processing of nanocrystalline
perovskite oxides can ultimately offer thin film integration options in device electronics for which
high temperatures are not suitable. A universal challenge, both in the commercial and university
R&D settings is to develop alternatives to high temperature ceramic processing (firing, sintering
or calcination), that can allow for a broader range of ceramic technologies to be integrated more
effectively with circuit design, and open more technology avenues such as flexible electronics,
novel device topologies, and roll-to-roll fabrication.26–28 This challenge applies to magnetoelectric
materials too. Single crystals of BaTiO3 that have been doped at the titanium site with Fen+ have
previously been shown to demonstrate large and recoverable electrostrain of up to 0.8 % that is
thought to be due to the alignment of O2- vacancies with the crystallographic symmetry in the
ferroelectric state.29 It has been postulated that the possibility of Fe incorporation could give rise
to multiferroic coupling. In the case of nanostructures, multiferroicism is further proposed to be
obtainable due to the large number of superficial atoms that significantly affect bulk behavior. A
recent report30 on the synthesis of aggregate-free single-phase transition-metal-doped BaTiO3
quasi-monodisperse cuboidal 15-70 nm nanocrystals follows a synthetic route that allows for the
inclusion of magnetic ions such as Mn+ (M = Cr, Mn, Fe, Co) up to a nominal concentration of 4%,
readily detected by EPR and VSM. To probe nanoscale ferroelectricity, the DART-PFM method
showed the presence of a hysteretic behavior in the phase signal with a 180° phase shift, as
expected from the switching of the dielectric polarization. This is compelling evidence to explore
further the effect of transition metal doping on structure and multiferroic behavior in nanoscale
BaTiO3 over a wide range of compositions.
We previously reported a simple, green and scalable ‘‘self-collection’’ growth method to
produce uniform and aggregate-free colloidal perovskite oxide nanocrystals including BaTiO3
(BTO), BaxSr1-xTiO3 (BST) and BaSrTiHfO3 (BSTH) in high crystallinity and high purity.31 The
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synthetic method is solution processed, derived from the sol-gel hydrolysis of metal alkoxides in
alcohol solvents such as ethanol by stoichiometric amounts of water in the absence of surfactants
and stabilizers. The synthesis is performed under an inert nitrogen or argon atmosphere in a
glovebox and the hydrolysis reaction produces nanoscale fully crystallized single domain
perovskite metal oxides of the formula ABO3 where A and B are transition metals. The
nanocrystals were shown to have a passivated surface layer of hydroxyl/alkyl groups, which allows
the nanocrystals to exist in the form of a super-stable and transparent sol, or a self-accumulate to
form a highly crystalline solid gel monolith (hence “gel-collection”) of 100% yield for easy
separation/purification. The dispersibility of the particles in solvents enables the generation of
smooth nanocomposite thin films that can be spray printed or spun coat to make single and
multilayer capacitors.32
In the present work we use a chemical solution technique to synthesize BaTiO 3 (BTO) as
well as BaFexTi1-xO3 (BFT). Textbook data for crystal ionic radii of the Ti/Fe ions shows that a
substitution is geometrically feasible in the 6-coordinate B site (Ti(IV): 74.5; Fe(IV): 72.5 Fe(II):
75(LS), 92(HS); Fe(III): 69 (LS); 78.5(HS), values in pm, Shannon ionic radii). The aim of this
study was to adapt gel collection31 to the synthesis of BTO, BFT (x = 0.1-0.3, 0.5, and 0.75), and
BaFeO3 (BFO) and then investigate the structure, magnetic, and dielectric properties of these
materials.
3.1.1 Bonding/Structure in BaTi1-xFexO3 and the Pseudo Jan-Teller Effect (PJTE)
The (BaTi1-xFexO3) system reviewed here can initially be thought of as a solid solution
survey of intersubstitution of Fe for Ti on the B site in BaTiO3. However, as we shall see, the
structure starts to drift for x > 0.3, and eventually splits into more than one compound. BaTiO 3 is
the classic single ferroic ferroelectric perovskite (ABO3). The cubic-tetragonal phase transition is
associated with the onset of ferroelectricity in the bulk: a lattice distortion accounts for a permanent
dipole in the asymmetric unit cell, which leads to a collective ordering of individual unit cell
dipoles to give rise to a remanent polarization. When we question how a series of d0 cations might
affect ferroelectric behavior, or how the introduction of dn cations (such as Fe3+) into the B-site
may also introduce magnetic behavior, a more detailed analysis as to the origin of structural
instability and the potential for multiferroicity is required. Furthermore, understanding the critical
size transition, at which bulk polarization or magnetic behavior is altered due to particle size, is
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greatly benefitted by an adequate depth of explanation of the structure-property relationship. A
brief discussion follows.
For BaTiO3, basic models provide an out-of-center distortion of the octahedral Ti4+ cations
on the B site within a cubic perovskite cell to cause an obvious δ+/δ- linear dipole along a Ti-O
bond, and a plausible explanation for the shift to a tetragonal unit cell.33,34 More advanced models
combine double-well potentials with valence bond theory in order to optimize the effects of shortrange ionic attractions and long-range ordering, to arrive at an adiabatic potential energy surface
(APES) to describe phase transition sequences.34,35 A more complete picture can be obtained
through the application of molecular orbital theory, using the pseudo Jahn-Teller effect (PJTE) to
derive the APES. PJTE theory, developed for perovskites by Bersuker,36,37 combines ground and
excited states in vibronic coupling interactions to demonstrate nature’s tendency to avoid
degeneracy and psuedodegeneracy by symmetry breaking. It can be used to explain ferroelectricity
by solving the Hamiltonian for one ABO3 unit cell with a focus on the octahedral fragment BO68. When considering the energy level diagram for BO68- and the octahedral field surrounding B, the
highest occupied molecular orbital (HOMO) is t1u / t2u etc. (predominantly oxygen 2p in character)
and the lowest unoccupied MO (LUMO) is t2g* (mostly metal 3d), see Figure 1. The HOMO
symmetry representations are T1u , T2u , T2g , and T1g of the octahedral symmetry group; while the
LUMO representation is T2g.
In the cubic perovskite configuration, the HOMO-LUMO terms are orthogonal and do not
interact (bonding is  only). But, off-center displacements of atom B lower the cubic symmetry
and make additional orbital overlap nonzero, for example promoting overlap of the 3d orbital
|T2u(Ti)yz with neighboring O atoms to create  molecular orbitals. This opportunity for orbital
overlap implies additional covalence in Ti−O bonding, providing a driving force for out-of-center
distortion, and explains the origin of the local dipolar instability that produces the ferroelectric
polarization of the crystal. In inorganic chemistry, it is common to contemplate  -bonds created
by overlap between occupied non-bonding d-orbitals and vacant antibonding MOs (backbonding),
and strongly influences bond length and molecular geometry. PJTE incorporates first excited state
transitions (e.g. t1u  t2g) to enable an interpretation of the vibronic coupling to the dipole-active
displacements of the central atom. The vibronic theory predicts the ferroelectric phase transitions
to be, in essence, of order−disorder type. The trigger mechanism of spontaneous polarization of
the crystal is thought to be PJTE in origin, but the magnitude of local distortion and the crystal
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polarization depend also on the long-range interactions. Ferroelectricity, being directly related to
lattice instability is highly sensitive to B-O bond distances, which can be readily affected by the A
atom, as well as an acute dependence on B, both in terms of size and electronic configuration. It is
therefore of great interest to inquire both theoretically and experimentally, how compositional
control can affect electrical/magnetic properties. Progressive treatment of the BO68- unit is through
finding solutions with the introduction of dn elements, where n > 0, for example, when Fe ions are
added to the B site, as is the case described here. The d0 (Ti4+) site is no longer “d-zero”38 The
implication is that unpaired spins in the perovskite structure could lead to a non-zero magnetic
moment, providing conditions for the simultaneous existence of ferroelectricity and magnetism
(multiferroicity). The conditions of multiferroicity in dn perovskites were previously derived from
the pseudo Jahn-Teller effect (PJTE), using the proposition that ferroelectric displacements are
triggered by vibronic coupling between ground and excited electronic states of opposite parity but
same spin multiplicity.37 Using the notation HS= high-spin and LS = low-spin, it follows that
according to PJTE, only B ions with configurations d3-LS, d4-LS, d5-LS and HS, d6-HS, d7-HS,
d8, and d9 can, in principle, produce multiferroics, provided the criterion of instability is fulfilled.
Transition metal ions B with configurations d1, d2, d3-HS, d4-HS, d6-LS, d7-LS, and d10 are not
expected to produce multiferroics with proper ferroelectricity under this mechanism. The ions,
Fe4+(LS) and Fe3+(both LS and HS) could produce multiferroicity under this mechanism (Table
1).
Table 5: Conditions that ABO3 Perovskites with the electronic dn configuration for Ti/Fe as the B site cation possess
both ferroelectric and magnetic properties simultaneously. EC = electronic configuration, GS = ground state, LUES = lowest
ungerade excited state, FE = ferroelectric, MM = magnetic, MF = multiferroic, LS = low-spin, HS = high-spin; IS = intermediate
spin; (t1u)6 = (t1u↓)3(t1u↑)3; (t1u)5 = (t1u↓)2(t1u↑)3; (t2g)6 = (t2g↑)3(t2g↑)3; (eg)4 = (eg↑)2(eg↓)2. Adapted from Bersuker36,37

dn

Ion

d0
d1
d4, LS
d4, HS
d5, LS
d5, HS

Ti4+
Ti3+
Fe4+
Fe4+
Fe3+
Fe3+

HOMO, EC and GS
term
(t1u)6, 1A1g
(t1u)6(t2g↑)1, 2T2g
(t1u)6(t2g↑)3(t2g↓)1, 3T2g
(t1u)6(t2g↑)3(eg↑)1, 5T2g
(t1u)6(t2g↑)3(t2g↓)2, 2T2g
(t1u)6(t2g↑)3(eg↑)2, 6A1g

LUMO, EC and LUES
term
(t1u)5(t2g↑)1, 1T1u
(t1u)5(t2g↑)2, 4T1u
(t1u)5(t2g↑)3(t2g↓)2, 3T1u
(t1u)5(t2g↑)3(eg↑)2, 7T1u
(t1u)5(t2g)6, 2T1u
(t1u)5(t2g)4(eg↑)2, 6T1u

FE

MM

MF

yes
no
yes
no
yes
yes

no
yes
yes
yes
yes
yes

no
no
yes
no
yes
yes

82

(a)

(b)

(c)

Figure 28: Schematic showing (a) overlap of vacant metal d-orbitals with occupied p-orbitals of the oxygen promote off center
distortion of the Ti4+ cation. The displacement of the Ti ion in the y direction changes the overlap integral to a nonzero value,
inducing additional covalence in the Ti−O bonding. (b) PJTE theorem predicts eight equivalent minima (at the corners of a cube
in three coordinate space) in which the Ti atom is displaced along the trigonal axes, equally close to three oxygen atoms and
removed from the other three. A net average polarization, P, along [100] is shown to represent the tetragonal phase with two
directions of disorder (P and P) commensurate with room temperature observations. (c) Energy level diagrams and
hypothesized occupancies for a d4 metal, such as Fe4+ (for review with table 5). Adapted from Bersuker.37

3.2

Experimental

Synthesis
Barium

isopropoxide

(Ba(OCH(CH3)2))

and

2.5%

w/v

iron

isopropoxide

(Fe(OCH(CH3)3)) in isopropanol were purchased from Alfa Aesar®, titanium isopropoxide
(Ti(OCH(CH3)4)) and polyvinlypyrrolidone (avg. mol wt. 10,000), and furfuryl alcohol 98% were
purchased from Sigma-Aldrich®. Pure ethanol (200 proof) was purchased from Decon Labs, Inc.
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All chemicals were used without any further purification. 8 nm BaTiO3 nanoparticles were
synthesized using the gel collection method31 under an inert nitrogen or argon atmosphere in a
glovebox. Stoichiometric amounts of Ba(OCH(CH3)2) (3.37 mmol or 0.861 g) were added to 40
mL of 200 proof ethanol and magnetically stirred until the powder dissolved (~15 min). Then 1
mL of Ti(OCH(CH3)4) was added to the solution and magnetically stirred for 15 min. A solution
of 2 mL deionized H2O and 8 mL 200 proof ethanol is prepared and then added 0.5 mL every 10
s and stirred for 5 minutes after the entire solution is added. The solution is then transferred into a
sealed container (e.g. a centrifuge tube with a cap) and left to age overnight in the glovebox. A
solid gel rod began to form after 8 hours and the container was transferred out of the glovebox and
heated to 60°C for 12 hrs in order for condensation of the gel rod to occur. The gel rod was then
washed 3 times with 200 proof ethanol and dried in a vacuum oven overnight at 90°C in order to
be analyzed using X-ray powder diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS).
Alternatively, the gel rod can be washed and suspended in 200 proof ethanol or furfuryl alcohol
(FA) and then spin coated for dielectric measurements. BaFexTi1-xO3 nanoparticles were
synthesized using the same method but with the addition of stoichiometric amounts of
Fe(OCH(CH3)3). BaFeO3 nanoparticles were synthesized in the absence of Ti(OCH(CH3)4) using
the gel collection method outlined above.
3.2.1 Characterization
The resulting BaTiO3 (BTO), BaFexTi1-xO3 (BFT), and BaFeO3 (BFO) nanoparticles were
characterized using powder X-ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS),
transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), scanning
electron microscopy (SEM), and magnetic properties measurement system (MPMS). The XRD
measurements of the dried BT and BFT powders were performed on a PANalytical X’Pert pro
using Cu K radiation. XPS measurements were recorded of the BFT powder samples on a
Physical Electronics Versaprobe II XPS. The XPS peaks were fitted using MultiPak v. 9.6.0.15
software. Samples for the TEM were prepared by dispersing the nanocrystalline gel rods (prior to
drying in a vacuum oven at 90°C) in 200 proof ethanol and placing 5 L of the resulting solution
on a carbon coated copper grid. TEM and EDS measurements were recorded on a JEOL 2100
microscope. Magnetic measurements were performed using a Quantum Design Magnetic Property
Measurement System (MPMS) at Oak Ridge National Laboratory in Tennessee. The field cooled
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(FC)- zero field cooled (ZFC) measurements were carried out between the temperature range of 0300 K. For the ZFC measurement, the sample was cooled in the absence of a field and the
magnetization was measured during warming by applying a magnetic field of 2000 Oe. For the FC
measurement, the sample was cooled in the presence of a magnetic field of 2000 Oe and the
magnetization was measured during cooling under the same field. Magnetic hysteresis loops were
measured on the same instrument at 5 K by varying the magnetic field from -40,000 Oe to 40,000
Oe and measuring the magnetization. In order to study the effect of increasing iron content on the
optical properties of each chemical variant, diffuse reflectance UV-vis-NIR (DR UV-Vis-NBIR)
measurements were performed using a Cary 500 Scan UV-Vis-NIR Spectrophotometer.
Measurements were done over a wavelength range of 300 – 800 nm.
Impedance analysis was performed on all samples in order to measure the
frequency dependent dielectric constant. 0-3 thin film (450 nm) nanocomposites were prepared in
order to determine the effective dielectric constant. The gel rods were dispersed in ethanol and the
resulting solution was spin coated onto thermally evaporated electrodes (evaporated using a
Denton Vacuum LLC Benchtop Turbo) on a silicon or glass substrate. A solution of 20 mg/mL
polyvinylpyrrolidone (PVP) dispersed in ethanol was spin coated on top of the thin film of
nanoparticles in order to fill the void space between nanoparticles and make a 0-3 nanocomposite.
The resulting film was heated to 90°C for 6 hrs in order to evaporate all solvents. A top electrode
was then thermally evaporated covering a cross section of 1 mm2 on the film and the capacitor was
probed over the frequency range of 100 Hz-2 MHz in order to measure the capacitance and
dielectric loss tangent using an Agilent E4980A Precision LCR Meter. Cross sectional SEM
samples of the 0-3 nanocomposites were prepared by freeze cracking the nanocomposite thin films
with liquid nitrogen. The SEM micrographs were recorded on a Supra 55 SEM.

3.3

Results and Discussion

3.3.1 Structural, spectroscopic and optical characterization of BaTi1-xFexO3 nanocrystals
BTO, BFT (x = 0.1-0.3, 0.5, and 0.75), and BFO nanocrystals were synthesized using the
gel collection method. Gel collection employs a treatment of reactive alkoxide precursors that are
initially reacted under an inert atmosphere (N2 or Ar) in the absence of oxygen/moisture. Following
formation of a homogenized solution, in which precursors have co-reacted, stoichiometric levels
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of deionized water are used to initiate hydrolysis and further promote polycondensation, using low
temperature (60°C) heating step. All of the reactants are consumed and collected as the product,
which insures that the reactant stoichiometry input is equivalent in molarity output. It can therefore
be assumed that a reaction with a specific molar ratio (e.g. x = 0.3) will yield a defined product,
(e.g. BaTi0.7Fe0.3O3), later confirmed by structural and spectroscopic characterization. The
synthesized nanoparticles are crystallized, and readily dispersed in polar organic solvents, suitable
for preparing thin films. X-ray powder diffraction can confirm phase and, to a large extent, phase
purity. The powder diffraction patterns are shown in Figure 2. The sample quantity was more than
sufficient for powder XRD (> 200mg), but even at long acquisition times, it is evident (Figure 2)
that the effects of nanoscale size greatly affect the X-ray powder spectra: such small -scale objects,
with a finite number of unit cells and therefore limited intensity range for coherent X-ray scattering
based upon Bragg reflection planes, will not provide sharply defined Bragg peaks of high intensity.
The use of PDF was therefore highly favored and explained in detail in Part II, while the following
primary observations from powder scattering are noted. The nanocrystals appear to be single phase
in the case of lower doping concentrations of Fe. The peak broadening due to particle size is
evident, and the Scherrer equation confirms particle sizes < 10nm (~ 8 nm, see TEM). For X-ray
powder diffraction, peak broadening obscures further structural information, for example
determination of space group, detail on unit cell parameters, phase purity etc. Ongoing from the
pure BTO towards higher Fe content, there is a decrease in intensity and a broadening of the (110)
peak, which results in a lower signal to noise in the data. As we discuss later in the detailed PDF
analysis of the structure, this results primarily from a decrease in the structural coherence, the
emergence of additional phases, and the lower symmetry of the BFO product. However, the peak
shift of the (110) peak is visibly evident (Figure 2(b)), and can be, to a first approximation, seen
to be causing an expansion of the lattice constant. The lattice expansion with increasing quantities
of Fe is a good indication of Fe incorporation into the lattice, however, the peak broadening as a
consequence of nanocrystal size (< 10 nm) prevents a sound conclusion as to the space group
(whether cubic/tetragonal etc.). Furthermore, there is a clear change of phase between x=0.75
(BaTi0.25Fe0.75O3) and x=1 (BaFeO3). The occurrence of the phase change, and a deeper
investigation into the lattice parameters for these materials at the nanoscale, warranted advanced
structural characterization to be undertaken, using Pair Distribution Function analysis.
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(a)

(b)

Figure 29: (a) X-ray powder diffraction patterns of BTO, BFT (x = 0.1-0.3, 0.5, and 0.75), and BFO. (b) enlargement of the 110

Characterization of the valence state of the ions of Fe, Ti, and Ba in BFT x = 0.3, 0.5, and
0.75 samples along with the chemical compositions were obtained by the use of X-ray
Photoelectron Spectroscopy (XPS). The XPS peaks were analyzed and fitted using MultiPak v.
9.6.0.15 software. All spectra presented are from a surface analysis survey and referenced to the
C 1s-signal at 284.8 eV. A broad Ba 3d5/2 peak was observed in the 777-783 eV range and was
fitted to two peaks at 779.5 eV and 778.4 eV, respectively, as shown in Figure 3(b) and agree well
with features of other BaTiO3 solids.39,40 The deconvolution of the Ba3d5/2 peak shows a -bulk
and -surface species of Ba2+, respectively as Ba2+ is in a different chemical environment
depending on if it is within the nanoparticle or on the surface. The  peak is at 779.5 eV and the 
peak is at 778.4 eV and agree well with prior work as well as with literature.41,42 Two Ti 2p peaks
are present, the Ti2p3/2 at 457.4 eV and the Ti2p1/2 at 463.2 eV as shown in Figure 3(a). These
values agree well with literature39,40 and indicate that the chemical valence of Ti in the range of
composition for BFT samples remains the same at Ti4+. The Fe 2p lines were fit to 5 peaks as
shown in Figure 3(d). The peaks centered at 709.4 eV and 723.1 eV corresponding to the Fe2p3/2
and Fe2p1/2 respectively agree well with Fe2O3 spectra in literature43 corresponding to the presence
of Fe3+. The Fe2p3/2 peak and the Fe2p1/2 peaks were fit to two smaller peaks at 711.05 eV and
725.1 eV respectively corresponding to a small presence of Fe4+ ions, indicating that the samples
of higher iron concentration (x ≥ 0.3) have a mixed valence of Fe3+ and Fe4+ ions in the crystal
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lattice.40 The peak at 714.2 eV is a satellite peak that is commonly seen in Fe2p XPS spectra.43
The O1s peak shown in Figure 3(d) has a main peak centered at 529 eV and two shoulders that
appear at 530.7 eV and 532.7 eV. The three spectra of increasing iron content (x = 0.3, 0.5, and
0.75) in Figure 3(c) show an increase in intensity of the shoulder peak at 530.7 eV as a function of
increasing iron content and is thought to correspond to the increase in the amount of Fe-O bonds.
A supporting trend in the 529 eV peak of the O1s spectra is seen as the peak decreases at x = 0.75
iron concentration, indicating that there are now fewer Ti-O bonds than Fe-O bonds which agrees
with the stoichiometry. The shoulder at 532.7 eV could be attributed to ethanol groups on the
surface of the nanoparticles as well as absorption of H2O on the surface of the sample. We conclude
that XPS analysis confirms the presence of both Fe3+(d5) and Fe4+(d4), both candidates for
multiferroicity in this system, given low spin configurations in octahedral field splitting. XPS also
shows an increasing amount of Fe4+ with increasing Fe, suggesting that Fe(IV) is evolving in order
to account for charge compensation with decreasing quantities of Ti4+, while still attempting to
preserve the perovskite structure.

Figure 30: XPS spectra of nanocrystalline BFT x = 0.3, 0.5, and 0.75 (a) Ti 2p lines of BFT x = 0., (b) 5Ba 3d5/2 lines of BFT x =
0.5, (c) O 1s lines of BFT x = 0.3, 0.5, and 0.75, and (d) Fe 2p lines of x = 0.3, 0.5, and 0.75.
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It is clear that Fe3+ is present from the XPS data and this agrees with the XRD and PDF
data, showing a clear shift in 2θ corresponding to an increase in lattice parameters. It is concluded
from XPS, and further discussed in part II, that the increase in lattice parameters with the increase
in the concentration of Fe corresponds to a doping of Fe3+ on the Ti4+ site within the crystal lattice.
A mixture of Fe3+/Fe4+ end up residing at the B site: Fe4+ helps stabilize the structure through
charge balancing, while Fe3+ can be complimented with oxygen vacancies to some extent.
Eventually, with increasing Fe (x > 0.5), neither Fe3+ nor Fe4+ can maintain the structure and the
emergence of more thermodynamically stable Ba-Fe-O phases start to emerge.Size and
morphology of the nanoparticles were confirmed using a JEOL 2100 TEM. As noted earlier, the
nanoparticles disperse well in ethanol and other alcohols such as furfuryl alcohol without any use
of surfactants. TEM micrographs in Figure 4 confirm that the nanoparticles are uniform in shape
and size. The nanoparticles are 8 nm in diameter and spherical in shape across all doping of Fe
into the unit cell. Selected area diffraction confirms that the samples are all polycrystalline. EDS
mapping (Figure 4(d), see also supporting information Figure S1) was performed in order to
analyze the composition gradient of Fe within the unit cell. The mapping shows that Fe is dispersed
evenly throughout the nanoparticles in all the same locations that Ba2+ and Ti4+ ions were.
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Figure 31: TEM images of BFT nanocrystals (a) HRTEM lattice image of BaTi0.9Fe0.1O3, (b) typical HRTEM of BFT x = 0.2,
0.3 show lattice images of mulitple nanocrystals, (c) typical lower resolution image of a sample batch of BaTi 1-xFexO3 showing
size control, a narrow size distribution <10 nm and an average size of 8nm (d) EDS elemental mapping showing uniform
distribution of Fe, Ba, and Ti ions.

The UV-Vis diffuse reflectivity spectra of BTO, BFT x =0.1-0.3, 0.5, 0.75, and 1.0 was
measured using a Cary 500 Scan UV-Vis-NIR Spectrophotometer and are shown in Figure 5
below. The bandgaps of all samples are estimated to be 3.25, 3.09, 2.68, 2.61, 2.5, 2.2, and 1.85
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for BTO, BFT x = 0.1-0.3, 0.5, 0.75, and 1.0 respectively. The bandgaps (Eg) were estimated
through extrapolation of the linear fits of Tauc plots versus the photon energy (supporting
information S2), relying on Kubelka-Munk theory.44–46 BTO shows an absorption profile with a
sharp absorption edge at ~350 nm which agrees well with literature.47 However upon addition of
Fe at varying concentrations, the absorption profile changes as the samples absorb over a broader
range from 350 nm to 600 nm. This difference in absorption profile is reflected in the range of
bandgaps (Eg). This is no doubt due to the Fe3+ incorporation in the crystal lattice. Optical
absorption is observed in BTO-based oxides due to the transition from the O 2p valence band to
the Ti 3d conduction band. This absorption is shifted to longer wavelengths in the case of Fe
substitution on the Ti site in the crystal lattice because it creates O vacancies and contributes more
d electrons overall which creates overlapping absorption regions resulting in a narrower bandgap.48

Figure 32: Diffuse Reflectance spectra of BTO (x = 0), BFO x = 0.1-0.3, 0.5, 0.75, and 1.0 (a) absorbance, (b) % transmittance.
(c) plot of calculated bandgap vs value of x for all samples.
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3.3.2 Advanced structural characterization
distribution function analysis (PDF).

of

BaTi1-xFexO3

nanocrystals:

pair

The iron doped BaFexTi1−xO3 gel-collected perovskite nanoparticles were studied using Xray pair distribution function (PDF) analysis)49–56 at room temperature, over the full range of
compositions (x=0, 0.1, 0.2, 0.3, 0.5, 0.75, 1.0). PDF is an excellent way to resolve structure at the
nanoscale and can take into account exact particle diameters when performing structural
refinement for a specific space group, symmetry and site occupancy. We sought to (a) determine
whether these samples have a non-centrosymmetric structure; (b) confirm that Fe was being
incorporated into the structure; and (c) look for any structure changes with increased Fe content.
Compounds were labeled BTO (BaTiO3) and BFTx, where x = the composition of Fe, e.g. BFT2
represents BaFe0.2Ti0.8O3. For x=1.0, the initial assumption was the compound is BFO, BaFeO3.
PDF was selected for structural refinement based on the uniform and consistent nanoscale
crystallite size (8 nm), which results in extreme Bragg peak broadening (Figure 2). In this
crystallite size domain, PDF is generally more accurate than Rietveld or Le Bail for obtaining
structural parameters,49,50,57 and often yields quantitative structural information about subnanometer atomic length scale to give comparable or improved lattice parameters.
3.3.3 PDF Experimental methods
The x-ray total scattering measurements on these iron doped BaFexTi1−xO3 (x = 0, 0.1, 0.2,
0.3, 0.5, 0.75, 1.0) samples were carried out at the XPD beamline (28-ID-2) at the National
Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory. The nanocrystalline
powders were sealed in polyimide capillaries and the data were collected at room temperature
using the rapid acquisition PDF method (RAPDF).51 The experimental setup was calibrated by
measuring the crystalline nickel as a standard material. Alarge area 2D PerkinElmer detector was
mounted behind the samples with a sample-to-detector distance of 202.80 mm. The incident xray wavelength was λ = 0.1867 Å. The instrument resolution is explained by two parameters in
modeling, Qdamp and Qbroad53,58 which were determined as Qdamp

= 0.037 Å−1

and

Qbroad = 0.017 Å−1 by fitting the PDF from a well crystallized sample of Ni.
The detector exposure time was 0.1 s for all the samples to avoid detector saturation, and
the number of frames taken for the sample was adjusted to be 1200 for sufficient counting statistics
on the data, so the total exposure time per sample was 120 s. The collected data frames were
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summed, corrected for polarization effects, and masked to remove outlier pixels before being
integrated along arcs of constant Q, where Q = 4π sin θ/λ is the magnitude of the momentum
transfer on scattering, to produce 1D powder diffraction patterns using the Fit2D program6.
Standardized corrections and normalizations were then applied to the data to obtain the total
scattering structure function, F(Q), which was Fourier transformed to obtain the PDF, using
PDFgetX352 within xPDFsuite.59 The maximum range of data used in the Fourier transform was
chosen to be Qmax 24.0 Å−1, so as to give the best tradeoff between statistical noise and real-space
resolution. For consistency, all PDFs were transformed with the same settings.
The PDF modeling program PDFgui was used for structure refinements. In these
refinements Uiso (Å2) is the isotropic atomic displacement parameter (ADP), and in multi-phase
fits, the ADPs of the same type of atoms are constrained to be the same in different phases; δ1 (Å)
is a parameter that describes correlated atomic motions;60 SPD (Å) is a parameter that accounts
for the finite size of the particle, or more correctly, the domain of coherent scattering in
the particle, which gives the diameter of the domain in angstrom units, assuming it to be spherical.
Qdamp and Qbroad were refined to a nickel dataset collected under the same experimental conditions
and then fixed in the nanoparticle refinements. Five candidate BaTiO3 perovskite models were fit
to the experimental PDFs to determine the structure of the gel nanoparticles. All the structure
models, based on the perovskite structure of BaTiO3, are defined in detail in Table 2.61
Table 6: Summary of structural models used for BaTiO3 fitting procedures.

Model Name
Crystal System
Centrosymmetric
Space Group
Ba Position
Ti Position
O1 Position
O2 Position

CC
Cubic
Yes
Pm-3m
(0,0,0)
(0.5,0.5,0.5)
(0.5,0.5,0)

CT
Tetragonal
Yes
P4/mmm
(0,0,0)
(0.5,0.5,0.5)
(0.5,0.5,0)
(0.5,0,0.5)

NT
Tetragonal
No
P4mm
(0,0,0)
(0.5,0.5,z)
(0.5,0.5,0)
(0.5,0,0.5)

NR
NO
Rhombohedral Orthorhombic
No
No
R3m
Amm2
(0,0,0)
(0,0,0)
(z,z,z)
(0.5,0,z)
(x,y,x)
(0,0,z)
(0.5,y,z)

The NT model was extended for the samples that have iron incorporated in them.
Designated NT-BFTO, this model (space group:

P4mm) is built from the NT model by

substituting Fe into the Ti site, with variable occupancies on the Fe and Ti sites constrained to keep
the total site occupancy as 1.0. The atomic positions and ADPs of Fe and Ti ions are constrained
to be the same as each other during the refinement, i.e. z(Ti) = z(Fe) and Uiso(Ti) = Uiso(Fe). We
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found evidence for a BaCO3 impurity phase and modeled it with the following orthorhombic
(BCO) model (space group: Pmcn): with Ba at (0.25, y, z), C at (0.25, y, z), O1 at (0.25, y, z) and
O2 at (x, y, z).62 When using the BCO model as an impurity phase in two-phase fits for
BaFexTi1−xO3 datasets, the ADP of the C ion is fixed as Uiso(C) = 0.04007 Å2, and atomic
positions of all atoms were fixed as Ba at (0.25, 0.4164, 0.7544), C at (0.25, 0.7556, -0.0783), and
O, O1 at (0.25, 0.9011, -0.0894) and O2 at (0.4601, 0.6832, -0.0820), where these numbers
were taken from.63 δ1 and SPD parameters are not applied during the refinement since the
impurity BCO component is too short-range to get stable fitting results. For high Fe content
samples, we also used the cubic perovskite BaFeO3 (BFO) model (space group:Pm-3m)64 with Ba
at (0, 0, 0), Fe at (0.5, 0.5, 0.5), and O at (0.5, 0.5, 0); and the orthorhombic BaFe2O4 (BF2O4)
model (space group: Pmcn)65 with Ba1,2 at (0.25, y, z), Ba3 at (x, y, z), Fe1,2,3,4 at (x, y, z), O1-7
at (x, y, z), O8,9 at (0.25, y, z).

3.3.4 PDF Results and discussion
BaTiO3. We first considered undoped pristine BTO 8nm nanocrystals, with the goal of
determining whether or not they existed with a centrosymmetric or non-centrosymmetric structure.
This would provide evidence for whether a symmetrical cubic (paraelectric) or non-symmetrical
(e.g. tetragonal, ferroelectric) phase can be retained at this lengthscale in nanocrystals (the 0D
case), and provide further insight into the processing-structure-ferroelectric property of
relationship in nanoscale BaTiO3, a topic that has fascinated the community for many years.66,67
Following refinement, all five of the perovskite models fit reasonably well. The refinement results
are given in Table 3 and representative fits are shown in Figure 6. The centrosymmetric models
gave comparable agreements as each other (Rw = 0.133), but slightly worse than the N (noncentrosymmetric) models (Rw ∼0.115). There is clearly an indication that the nanocrystals are
presenting as non-centrosymmetric. Evidence of tetragonality in BaTiO3 at comparable
lengthscales (but different processing conditions) have been observed previously.21
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Table 7: Structure refinement results of all candidate perovskite models fit to the BaTiO 3 dataset over a range of 1.5 < r < 50 Å.
The models are centrosymmetric-cubic (CC), centrosymmetric-tetragonal (CT), non-centrosymmetric-tetragonal (NT), noncentrosymmetric-rhombohedral (NR), noncentrosymmetric-orthorhombic (NO). Here Rw is the goodness of fit; x, y, and z are the
refinable atomic positions in fractional coordinates (see Table 2 for details, Uiso (units of Å2) is the isotropic atomic displacement
parameter (ADP); δ1(units of Å) is a correlated motion related PDF peak sharpening coefficient; SPD (units of Å) is the spherical
particle diameter.

Model:
R𝜔
a (Å)
b (Å)
c (Å)
𝛼(°)
Ba z
Ti z
O1 x
O1 z
O2 y
O2 z
Ba Uiso(Å2)
O Uiso(Å2)
Ti Uiso(Å2)
δ1(Å)
SPD(Å)

CC
0.133
4.0246
90
0.0083
0.0287
0.0177
1.44
120.0

CT
0.133
4.0211
4.0318
90
0.0082
0.0284
0.0176
1.43
122.1

NT
0.118
4.0170
4.0424
90
-0.0011
0.5328
-0.0180
0.4756
0.0083
0.0255
0.0099
1.57
132.4

NR
0.119
4.0254
89.795
0.0046
0.4834
0.0125
0.5157
0.0085
0.0264
0.0088
1.55
126.4

NO
0.115
4.0147
5.6863
5.7141
90
-0.0039
0.5218
0.4644
0.2695
0.2479
0.0086
0.0204
0.0087
1.71
129.77
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Figure 33: X-ray PDFs of BaTiO3 (BTO) (blue curves) with the best-fit calculated PDFs (red) for the (a) CC and (b) NT models.

Concluding that the underlying structures are non-centrosymmetric based on Rω alone is
insubstantive, because non-ceontrosymmetric models have more variables. However, strikingly,
the Ti atoms refine to values away from the center of symmetry in all the non-centrosymmetric
models, and the ADPs of the Ti ions are significantly smaller, in the non-centrosymmetric models
compared to the centrosymmetric models, providing further evidence that the underlying structure
has Ti off the (0.5, 0.5, 0.5) center of symmetry. This experimental observation is consistent with
predictions of the pseudo Jahn-Teller effect being the underlying cause of off-center displacements
of atom B (the Ti atom), lowering the symmetry in order to make additional orbital overlap,
between the 3d orbital |T2u(Ti)yz and neighboring O atoms to create  molecular orbitals.37 We
also note that the ADPs of the Ba and O ions are comparable between the non-centrosymmetric
and centrosymmetric models, which again suggests that the main difference is that the Ti atom is
moving off the center of symmetry and that the data strongly support the fact that the nanoparticles
are non-centrosymmetric. While non-centrosymmetry can be concluded, the fits for tetragonal
(P4/mmm), rhombohedral (R3m) and orthorhombic (Amm2) space groups are equally possible.
For barium titanate, vibronic theory37 predicts a ferroelectric ordering with correlated displacement
of Ti atoms along the same trigonal direction, [111], corresponding to the rhombohedral phase.
But, with increasing thermal excitation in the system it can average over two nearest-neighbor
wells, say, [111] and [111̅], by hopping or tunneling, yet still separated from other equivalent pairs
96

by a tetragonal potential barrier that is higher in energy. The crystal is disordered along one of its
symmetry axes, remaining ordered along the other two. At average, the crystal is polarized along
[110]. Macroscopically, this type of ordering is equivalent to the orthorhombic phase. Finally, at
higher temperatures, the crystal transforms into the tetragonal phase with two directions of disorder
polarized, in average, along [100]. We conclude that the results of PDF analysis are consistent
with (a) the observation of non-centrosymmetry in BTO nanocrystals and (b) the conclusion that
the tetragonal phase is the likeliest candidate structure for RT BTO nanocrystals, based upon a
thermal averaging of the orthorhombic phase, which is in turn a thermal average of the
rhombohedral phase.
BaTi1-xFexO3 (x  3). To verify Fe incorporation into the BTO lattice in the doped BaFexTi1−xO3,
we fit the NT model, with Fe substituted onto the Ti site (we refer to this as the NT-BFTO model
(see modeling) to the low doped BaFexTi1−xO3 (x = 0.1, 0.2, 0.3) datasets. The fits are satisfactory,
a representative fit of the BFT x = 0.3 sample PDF with the NT-BFTO model is shown in Figure
7(a). However, following the observation of BaCO3 in the higher-doped samples we looked for its
presence in these samples by adding it as a second phase to these refinements, i.e. NT-BFTO+BCO
model (Figure 7(b)). This led to a small improvement in the goodness-of-fit, Rω, and it might be
concluded that trace BaCO3 is also present at lower Fe doping concentrations. Barium carbonate
(BCO), is known to occur in barium containing oxides in which exposure to atmospheric CO2(g)
can adsorb to, and react with, the surface, to form small quantities of carbonate. The refinement
results are given in Table S-4 (Supporting Info) and the representative fit is shown in Figure 7(b).
It was not possible to refine relative occupancies on the Ti and Fe sites into stable values. This was
anticipated because Ti and Fe have the similar X-ray scattering power. However, another way of
telling if the Fe is doping into the material is to monitor the lattice parameters. In Figure 7 we plot
the iron concentration dependence of the unit cell volume for the low-doped BaFexTi1−xO3 series
of samples fit with the NT-BFTO+BCO model as shown in Table 3. We find that the unit cell
volume increases monotonically with increasing Fe content, providing additional evidence that Fe
is being incorporated into the lattice of the perovskite BTO structure, consistent with the
observations of the powder XRD (Figure 2), and XPS data. The experimental results independently
offer verification of the same trend that an increase in lattice parameters occurs on incorporation
of the iron into the perovskite. Since Fe4+ is a smaller ion than the Ti4+ that it is replacing, it
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therefore makes sense to assume that the some of the iron is being incorporated as 3+ in the HS
state, alongside Fe4+. To maintain charge balance, this would imply that a significant number of
oxygen vacancies (VO2+) would have to also be arriving into the structure.68,69 Such vacancies may
be more easily accommodated due to the large surface to volume ratio for these sub 10 nm uniform
nanocrystals. The XPS data confirms increasing Fe3+(HS). Following the guidelines provided by
Table 1, it is concluded that the nanocrystals have the potential to be multiferroic, given evidence
of retention of tetragonality, lattice expansion to accommodate Fe3+(HS), XPS evidence of Fe3+ as
well as Fe4+, and the magnetic characterization discussed in part IV.

A

B

Figure 34: A: X-ray PDFs of the BFT3 data (blue curves) with the best-fit calculated PDFs (red) for the (a) NT-BFTO and (b)
NT-BFTO + BCO two-phase models. The difference curves are shown offset below in green. Rw is the goodness of fit. B: Unit
cell volume (red curve) and c/a ratio (green curve) from the NT model as a function of Fe doping concentration BaTi 1-xFexO3 (x
 0.3). of samples in the 2-phase fits.

The lattice parameters could go up or down with Fe doping depending on the valence and
spin state of the iron. This is true whether referring to Shannon ionic radii or Pauling ionic radii.70
In general, for 6-coordinate octahedral crystal environments, Ti(IV) is marginally larger than
Fe(III)LS (8% larger) or Fe(IV) (3% larger), but smaller than Fe(II)HS or Fe(III)HS (19% and 5%
smaller respectively). Therefore, an increase in unit-cell volume with x, such as a 1.3% increase
in volume for 30% Fe incorporation, is an indication of Fe(III)HS incorporation, as well as Fe(IV).
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From Table 3 we see that the Ti/Fe site refines to a value away from the high symmetry position
in all these compounds. We note that the tetragonality, c/a, also increases with x, as shown in
Figure 7. This could be an indication of changing multiferroicity, namely that ferroelectricity (due
to increased distortion of the central B atom from a centrosymmetric site) is strengthening with
increasing Fe content. The ADPs of the Ti/Fe and Ba ions also increase slightly with higher x,
consistent with some structural disorder from chemical substitution effects when Fe is doped into
the lattice.

A

B

Figure 35: A: Experimental PDFs of all iron doped BFT samples for comparison. Top curve: pure BTO sample, x = 0, (blue).
Bottom curve: pure BFO sample, x = 1, (brown). Curves in the middle: Ti-Fe mixed composition samples. The blue vertical
dashed line highlights the strong r = 4.03 Å peak from the BTO data coming from Ba-Ba, Ti-Ti, and O-O bond lengths. The
brown vertical dashed line highlights the strong r = 4.43 Å peak from the BFO data. B: BaTi 1-xFexO3 (x > 0.3) - high doped
samples where x = 0.5, 0.75. The improvement of Rw with increasing fitting complexity can be observed. (a) Fitted as BaTi1xFexO3

(x > 0.3); (b) BaTi1-xFexO3 (x > 0.3) + BaFeO3; (c) BaTi1-xFexO3 (x > 0.3) + orthorhombic BaFe2O4.

BaTi1-xFexO3 (x > 0.3). For higher doped samples there are significant changes in the PDF, as
shown in Figure 8. It was concluded that the nanocrystals themselves became a partially mixed set
of phases, despite being a dispersible nanoparticulate format. Comparing peaks in the BFO
endmember sample with the new peaks emerging in the high-doped BFTO samples, suggest the
new phase appearing leads to an end result of BFO, in which BFO is a combination of
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BaFexTi1−xO3 and phases for which Fe content is richer. There is a peak in the BTO data at r =
4.03 Å that is absent in the BFO data and a strong peak at r = 4.43 Å in the BFO endmember that
is not in BTO. The high doped BFT5 and BFT75 (x = 0.5 and 0.75) PDFs clearly contain both
characteristic peaks, suggesting that these samples are mixed phase. These peaks are highlighted
in Figure 8 with vertical dashed lines. As a result, solving the structure for the BFO sample first is
the key to solving the mixed phase samples. Initially, it was not possible to fit the BFO data well
with any reported model for BaFeO3, for a variety of published space groups, including Pm-3m,64
P4/mmm,71 R-3m,72 R3c,71 R3m,72 P63mmc.73 A slightly, yet not completely satisfactory fit was
found by including a refinement of BCO contamination (Figure 8(a)), attributed to reactive
adsorption of CO2 on the highly basic BaO surface layers of the BTO nanocrystals.62 Due to the
observation of extra signal in the difference curve in the low-r region, we postulated the emergence
of barium ferrite (BaFe2O4) as a model to consider. The results in this instance are inconclusive
yet offer a worthy consideration: the BaFeO3 perovskite model works reasonably well (Figure
8(b)), but a much better fit can be obtained using a model for orthorhombic BaFe2O4 (BF2O4
model), where a two-phase fit resulted in a Rw of 0.155 (Figure 8(c)). XPS data suggested the
presence of Fe4+ for x > 0.5, therefore favoring the model of BaFeO3, in which the B site oxidation
state is formally IV, compared to BaFe2O4 for which Fe is (III). In addition, the model refined
lattice parameters are noticeably different from one previously reported value for crystalline
BaFe2O4: a = 18.995 Å, b = 6.973 Å, and c = 11.300 Å, compared to a = 17.347 Å, b = 9.336 Å,
and c = 10.882 Å.65 Further discussion is provided in the Supporting Information.
We conclude that in the nanoscale BaFexTi1−xO3 system for values of x  3, synthetic substitution
occurs seamlessly, and a single-phase compound is maintained, with subsitution at the B site of Ti
for Fe, as a mixture of Fe3+/Fe4+. Although not precisely quantified, it is postulated therefore that
the structure may contain oxygen vacancies (especially at the surface) with increasing x, of the
form BaTi1-xFexO3-. With increasing Fe concentration (especially x > 5), the morphology of the
nanocrystals is still largely intact, and the material can be dispersed in organic solvents, converted
into films etc., but the perovskite structure appears to have become less stable, devolving into
additional competing phases. Some BaCO3 is present, and while BaFexTi1−xO3 is evident for x >
5, some BaFeO3 or BaFe2O4 (or possibly both) may be forming.
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3.4

Device fabrication, dielectric and magnetic characterization of the (BaTi1-xFexO3)
system
Polymer-nanoparticle 0-3 nanocomposites over the range of compositions were prepared

in order to study the dielectric properties as thin films. Due to how the dielectric constant is
obtained for such a sample, great care is required when making a frequency dependent
measurement. In chemical solution deposition of nanocrystals, a thin film (comprised of solely
nanoparticles) will have a large percentage of void space no matter how compact the particles may
be. These interstitial void spaces coupled with the electrode-dielectric interface can contribute to
charge effects. In these cases, Maxwell-Wagner-Sillars polarization effect is frequently observed
(space charge), along with the contributions of adsorbed mobile species such as H2O, CO2. In order
to minimize this effect and enable stable dielectric measurements, a layer of polyvinylpyrrolidone
(PVP), suspended in ethanol was spin coated in order to back fill the void space and act as an
insulating layer.
In the samples prepared, silver electrodes were thermally evaporated onto a silicon
substrate and a suspension of 20 mg/mL BTO, BFT, or BFO was spin coated onto the surface of
the electrode. In order to prevent this, polyvinylpyrrolidone (PVP), suspended in ethanol was spin
coated in order to back fill the void spaces and acted as an insulating layer to prevent absorption
of H2O on the surface of the nanoparticles. The thin film nanocomposites were typically 450 nm
thick as seen in the cross-sectional SEM micrograph in Figure 9. The samples were all heated to
90°C for 6 hours before making impedance measurements to ensure all of the solvents had
evaporated. The cross section of the electrodes was 1 mm2, which allowed for consistent
calculation of the effective dielectric constant of the 0-3 nanocomposite consisting of nanoparticle
filler and dielectric polymer host.
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Figure 36: Cross sectional SEM micrograph of a typical BFT/PVP thin film nanocomposite. The average thickness of these
nanocomposites was 450 nm. (Inset) Image of the capacitors showing the size of the electrodes.

Effective permittivity of the BT/PVP, BFT/PVP, and BFO/PVP nanocomposites were
measured over the frequency range of 100 Hz to 2 MHz. Multiple capacitors (12-16) were prepared
for each film by metal evaporation of 1mm2 electrodes. The dielectric loss was also measured on
the same instrument. In Figure 9, it is also shown that the dielectric polymer, PVP, has likely
successfully infiltrated the thin film of BFT and filled the void spaces between nanoparticles. This
is further confirmed in the stability of the measurements of the effective dielectric constant over a
standard range of frequencies (100 Hz-2 MHz, relatively flat lines) in Figure 10. This observation
is strong evidence that the measurement of the effective dielectric constant acquired using
impedance analysis is due to the intrinsic nature of the material, and not from interstitial charging
or space charging due to void spaces within the 0-3 nanocomposite. The dielectric loss (tan )
values were in the range of 0.02-0.09 with the dielectric loss rising in the higher frequency range
as seen in Figure 10(b). This slight increase in dielectric loss at higher frequencies (>10 5 Hz) is
due to contact resistance which is known to make a significant contribution to the dielectric loss
at higher frequencies.74 The dielectric loss values at 1 MHz, were however, all tan  < 0.04,
demonstrating that the nanocomposite can function well as an insulating dielectric, a capacitor or
potential multiferroic device.
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A trend of decreasing effective dielectric constant measurements with increasing Fe doping
concentration is seen in Figure 10(a). This is attributed to doping of Fe3+ on the Ti4+ B-site creating
fewer polarizable dipoles within the crystal unit cell. The response of the electric dipoles of Fe
cannot switch as quickly at higher frequencies in the same way as Ti electric dipoles. This trend
in decreasing effective dielectric constant agrees well with Guo et. al.40
It is possible to estimate the dielectric constants of the nanoparticles (BTO, BFT, and BFO)
embedded in the polymer matrix (PVP) of the nanocomposites using the modified interphase
model.75 This model takes into account the particle shape/orientation as well as the interphase
spacing between nanoparticles. The interphase can be composed of air, matrix, and filler, all of
which can affect the interactions between nanoparticles embedded in a nanocomposite. Estimation
of the intrinsic dielectric constant of the filler (in this case the nanocrystals) can be performed
when the nanoparticle diameter is known and uniform, when the area of the electrodes, thickness
of the film, and therefore size of the capacitor can be measured, and when volume fraction of the
filler can be estimated with high level of certainty.41,76 When modeling a nanocomposite composed
of nanoparticle fillers and polymer matrix host, the interphase region has air occlusions in it.
Accordingly, the interphase dielectric constant can be attributed to polymer and air:
𝛽

𝛽

𝛽

𝜀3 = 𝜀2 + 𝜑𝑎 (1 − 𝜀2 )
Where 3 is the dielectric constant of the interphase, 2 is the dielectric constant of the
polymer host, a is the volume fraction of air within the interphase, and  is a dimensionless
parameter depending on the shape and orientation of the filler. The effective dielectric constant
(eff) of the 0-3 nanocomposite using the interphase dielectric can be written as:
𝛽

𝛽

𝛽

𝛽

𝜀𝑒𝑓𝑓 = 𝜑1 𝜀1 + (1 − 𝜑1 )𝜀2 + 𝜑′(1 − 𝜀2 )
Where 1 is the filler volume fraction, 1 is the filler dielectric constant, and ’ can be written as:
𝜑 ′ = 𝜑1

1 − 𝜑1
1 + 𝜑1

Using the modified interphase model, the dielectric constants of BTO, BFT x = 0.1-0.3,
0.5, 0.75, and BFO were estimated to be 164, 152, 138, 137, 126, 113, and 110 respectively. It has
been reported that the bulk dielectric constants of BTO, BFT, and BFO are significantly larger
than our calculated values (>1000),3,77 however it is known that the size of the nanoparticles plays
a significant role in the suppression of the ferroelectric behavior of the material, despite evidence
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of persistence of polarization. This is evident in the dielectric measurements and consistent with
other perovskite systems and nanocomposites.67

Figure 37: (a) Effective dielectric constant as a function of frequency for BTO, BFT x = 0.1-0.3, 0.5, and 0.75, and BFO, (b)
Dielectric loss as a function of frequency for BTO, BFT x = 0.1-0.3, 0.5, and 0.75, and BFO. Dielectric constant decreases with
increasing Fe concentration. (c) Plot of estimated intrinsic dielectric constants of the BFT nanocrystals as a function of x,
calculated by applying the Interphase Model, with known volume fractions and electrode area.
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3.5

Magnetic characterization of the (BaTi1-xFexO3) nanocrystal system
The magnetic properties were analyzed in order to determine, presence, extent and type of

magnetization. Previous reports have focused on larger particle sizes and/or different doping
concentrations. In the case of nanocrystalline powders reported by Yang et al.,78 Fe was
successfully doped into BaTiO3 over a substantial composition range with particle size
distributions in the 50-300 nm region, M–H results indicated ferromagnetism with a weak coercive
force and small remanent magnetization for the range x = 0.2-0.5, while paramagnetism was
observed for x = 0.05, 0.1. In this case, the magnetic properties could be probed for discrete
nanocrystals with < 10 nm dimensions. Characterization of the magnetic properties of BFT x =
0.1-0.3, 0.5, 0.75, and 1.0 was performed on a Quantum Designs Magnetic Property Measurement
System (MPMS) at Oak Ridge National Laboratory in Tennessee. ZFC and FC measurements were
taken on BFT x = 0.1-0.3, 0.5, 0.75, and 1.0 samples as seen in Figure 11(a) below. For ZFC
measurements the samples were cooled to 5 K in the absence of an external magnetic field. Once
at 5 K, an external magnetic field of 2000 Oe was applied to the samples and they were slowly
heated to 300 K. For the FC measurements, the samples were cooled down to 5 K in the presence
of a 2000 Oe field. A sharp increase in magnetization is observed at 7 K, 15 K, 25 K, 50 K, 75 K,
and 100 K for x = 0.1, 0.2, 0.3, 0.5, 0.75, and 1.0 samples respectively. The highest values of
magnetization observed in the FC measurement were 0.17 emu/g, 0.34 emu/g, 0.53 emu/g, 0.94
emu/g, 1.27 emu/g, and 2.5 emu/g for x = 0.1, 0.2, 0.3, 0.5, 0.75, and 1.0 samples respectively at
5 K. An increase in magnetization as a function of Fe content is observed and agrees well with
literature.79,80 A much larger increase in the magnetization is seen in the x = 1.0 sample as there is
no presence of Ti4+ in the crystal unit cell thus leading to a higher amount of magnetic spins
aligning in the presence of a magnetic field and as confirmed by PDF, the presence of a Ba-Fe-O
material in minor quantity (determined to be BaFeO3) is also contributing. As the temperature is
increased the magnetization decreases due to randomization of the magnetic orderings within the
nanoparticles because of the thermal energy. This only becomes drastically apparent below 200 K.
There is no observed splitting between the ZFC and FC measurements implying that the
nanoparticles may be paramagnetic.
Magnetic hysteresis measurements were taken on BFT x = 0.1-0.3, 0.5, 0.75, and 1.0 at 5
K with a maximum sweeping magnetic field of 40000 Oe as seen in Figure 11(b) below. A similar
trend in increasing magnetization can be seen as a function of increasing Fe content in the
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nanocrystals. Upon closer inspection of the magnetic hysteresis loops in Figure 11(c) it is apparent
that there is a weak magnetic coercivity and a small remanence magnetization implying a weak
ferromagnetic state at low temperatures (< 5 K) however the samples never reach full magnetic
saturation at this magnetic field strength.

Figure 38: (a) ZFC and FC measurements of BFT x = 0.1-0.3, 0.5, 0.75, and 1.0 samples, (b) Magnetic hysteresis measurements
of BFT x = 0.1-0.3, 0.5, and 0.75 samples, (c) zoomed in portion of Figure 11(b) to highlight asymmetric hysteresis loops at higher
Fe concentration.

For lower Fe concentrations (x ≤ 0.2) it is observed that the magnetic coercivity (Hc) is 11
Oe for BFT x = 0.1 and 15 Oe for BFT x = 0.2 with relatively low remanent magnetization of
0.001 emu/g and 0.003 emu/g, respectively as seen in Table 4 below. However, when Fe
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concentration is higher (x ≥ 0.3) there are different values for the negative and positive magnetic
field values. This is seen in both the magnetic coercivity and the remanent magnetization. As the
Fe concentration increases, the remanent magnetization and magnetic coercivity increase as well,
this is to be expected as more Fe-O octahedron are forming, creating more magnetic moments due
to doping concentration. The asymmetric hysteresis loops are thought to be due to the multiple
valence states existing within the crystal lattice due to the presence of both Fe3+ and Fe4+ as seen
in the XPS data in Figure 3(d).69 As Fe concentration increases, the different magnetic states
become more and more apparent. The ZFC and FC data was fit to a Curie-Weiss law of which the
Curie and Weiss constants were calculated (Table 4). A similar trend in the much larger increase
in magnetization is seen in the hysteresis as well as the ZFC and FC curves and is likely due to the
absence of Ti4+ in the unit cell as stated above.
Table 8: Tabulation of Curie-Weiss fitting of the ZFC and FC measurements as well as values for Magnetic Saturation, M S at 4 T,
Remanent Magnetization, MR, and Magnetic Coercivity, Hc, for BFT x = 0.1-0.3, 0.5, 0.75, and 1.0 samples.

Sample
BFT x = 0.1
BFT x = 0.2
BFT x = 0.3
BFT x = 0.5
BFT x = 0.75
BFT x = 1.0

3.6

Curie
Constant C
1.32
2.65
4.38
21.85
40.27

Weiss
Constant 
-3.64
-3.71
-4.19
-17.77
-24.09

Ms (4T)

MR

Hc

1.76
2.74
3.28
4.13
4.77

0.001
0.003
0.005
0.047, -0.036
0.095, -0.073
0.59, -0.50

11
15
-15, 16
-66, 47
-90, 67
351, -427.5

Conclusions
In conclusion, nanocrystals based on a (BaTi1-xFexO3) system were prepared using a near

room temperature (≤ 60°C) hybrid sol-gel chemical solution processing method. The samples were
structurally characterized by XRD, TEM, XPS and PDF. Initial powder XRD indicated highly
crystalline samples with an increasing lattice parameter with increasing Fe inclusion. TEM/EDS
and electron diffraction analysis showed discrete relatively monodisperse spherical single domain
nanoparticles with an average size of 8 nm. EDS elemental mapping showed a uniform
composition of Ba, Fe, Ti, and O. XPS analysis confirms the presence of both Fe3+(d5) and Fe4+(d4),
both candidates for multiferroicity in this system, given low spin configurations in octahedral field
splitting. XPS also shows an increasing amount of Fe4+ with increasing Fe, suggesting that Fe(IV)
is evolving in order to account for charge compensation with decreasing quantities of Ti4+, while
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still attempting to preserve the perovskite structure. However, the increase in lattice parameters
with the increase in the concentration of Fe (observed by power XRD and PDF) corresponds to a
doping of Fe3+ on the Ti4+ site within the crystal lattice. A mixture of Fe3+/Fe4+ end up residing at
the B site: Fe4+ helps stabilize the structure through charge balancing, while Fe3+ may be
complimented with oxygen vacancies to some extent, especially at the surface. The structure may
therefore be of the form BaTi1-xFexO3- for increasing x. Eventually, with increasing Fe (x > 0.5),
neither Fe3+ nor Fe4+ can maintain the structure and the emergence of more thermodynamically
stable Ba-Fe-O phases start to emerge. PDF analysis fully supports the observation that Fe
substitution is facile for x= 0.1, 0.2, 0.3, generating a series of compounds that appear mainly
monophasic, but at higher Fe substitutions the BaTi1-xFexO3 nanocrystals show evidence of other
(trace) phases being present but still present similar structural characteristics, suggesting that Fe
substitution is also possible at Fe > 0.5. Pair distribution function (PDF) analysis enabled in-depth
structural characterization (phase, space group, unit cell parameters etc.). PDF shows that, in the
case of x= 0, 0.1, 0.2, 0.3, BaTiO3, and BaTi1-xFexO3 nanocrystals are concluded to be tetragonal
non-centrosymmetric P4mm with lattice parameters increasing from [e.g. c = 4.01 to 4.08]. Due
to the larger cationic radii of Fe3+ ions when compared to Ti4+, an increase in lattice parameter, a,
is anticipated. The observation of non-centrosymmetry confers that spontaneous polarization (and
therefore possible ferroelectric behavior), due to displacement of the B site cation, is possible at
this 8-10nm lengthscale, consistent with other recent reports. For x  0.5, Fe evidently impacts the
structure, but still produces dispersible, relatively monodisperse nanocrystals, with additional
phases growing in. The decreased precursor reactivity of Fe(OCH(CH3)3), when compared to
Ti(OCH(CH3)3) is a factor. For x = 1.0, both BaFeO3 and BaFe2O4 were modeled and BaFeO3
considered to be the more likely fit by PDF, supported also by XPS. XPS analysis showed the
presence of Fe4+ ions suggesting a mixed valence of Fe within the crystal structure at higher
concentrations of Fe (x ≥ 0.3) which agreed well with the asymmetric magnetic hysteresis loops
observed for the three samples x = 0.3, 0.5, 0.75, and 1.0.
Magnetic characterization by MPMS (both magnetic hysteresis loops and zero field and
field cooling measurements) showed increased magnetization with increasing Fe ion
concentration. Weak magnetic coercivity and a small remanent magnetization is observed, (< 5 K)
implying a weak ferromagnetic state at low temperatures (< 5 K). A suspended solution of the
nanoparticles in ethanol was spin coated onto thermally evaporated silver electrodes along with
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PVP in order to make a 0-3 nanocomposite capacitors for dielectric measurements. Because of the
good dispersibility of the nanocrystals in solvents, spin coating of uniform 0-3 nanocomposite
BaTi1-xFexO3/polyvinyl-pyrrolidone thin film capacitors (<0.5 m) was possible. Frequency
dependent dielectric measurements showed stable dielectric constants at 1 MHz of 27.0 to 22.2 for
BaTi1-xFexO3 samples for x = 0 - 0.75 respectively. Loss tangent values at 1 MHz were ~0.04,
demonstrating the ability to prepare capacitors of magnetic Ba(Ti1-xFex)O3 with relatively high
permittivity, further indication of a reasonably high k intrinsic to the nanocrystals. The effective
dielectric constants showed a trend in decreasing effective dielectric constant as a function of
increasing Fe concentration in the sample, likely due to the Fe3+ ions providing fewer polarizable
dipoles in the crystalline structure. The dielectric loss measurements showed a dielectric loss
between 0.02-0.09 showing a well-insulated nanocomposite free of void spaces. The low loss
magnetodielectric devices suggest future opportunities for exploration of multiferroic
nanocomposites based on this material and such design processes.
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4
Synthesis and Characterization of Novel Ordered Mixed Transition
Metal Double Perovskites: Ba2TiNbO6 and Ba2TiTaO6 through Gel-Collection
4.1

Introduction
In inorganic chemistry, the perovskite structure is a very common type of crystal structure

with the general chemical formula of ABO3, where the A-site is occupied by an alkaline-earth or
rare-earth metal, such as, but not limited to (A = Ca, Sr, or Ba) and the B-site can be occupied by
a transition metal with valence usually of 3+, 4+ or 5+. In a perovskite, a three-dimensional
framework of corner sharing BO6 octahedron are balanced in charge by the A-site cation. These
BO6 octahedron can undergo tilting distortions which allow for a flexible unit cell that can
encompass a large family of compounds, which is why this crystal structure is so common. [1]
Ordered transition metal double perovskites are a large class of materials that encompass the
chemical formula A2MM’O6. In double perovskite structures, a rock-salt (Na+Cl-) arrangement of
corner shared MO6 and M’O6 octahedra are formed [2]. The corner sharing between MO6 and
M’O6 leave a 12-coordinate void which is occupied by the A-site cation. [3]
A wide variety of properties have been observed in double perovskite structures such as a
large magnetoresistance in Sr2FeMoO6[4] and tunneling magnetoresistance in Sr2CrMoO6[5].
Other double perovskites prove promising for various technological applications such as
Sr2MMoO6 (M = Co, Ni) and Ba2MMoO6 (M = Fe, Co, Mn, Ni) which can be applied in solid
oxide fuel cells [6,7]. Because these are transition metal mixed oxides, a wide variety of synthetic
methods have been applied to synthesize these materials such as solid-state methods, which require
a high temperature sintering step [1, 8], and via chemical means through sol-gel methods with a
high temperature sintering step as well (>800C) [6,7]. These high temperature sintering and
calcining steps require a high energy and often result in a product that cannot be well integrated
into electronic devices due to the brittle nature of the products. This is a challenge that is being
resolved in both commercial and university R&D settings to allow for a broader range of ceramic
technologies to be integrated more efficiently and effectively with circuit design. This can also
open the possibility of being integrated into flexible electronics, novel device topologies, and rollto-roll fabrication [9-11].
In a recent paper, the structural, electronic, and magnetic properties of Nb (4d)-based
barium double perovskites Ba2MNbO6 (M = Sc, Ti, V, and Cr) have been studied using the full-
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potential linear muffin-tin orbital computational method [2]. To our knowledge this has been the
only study on the properties of Ba2TiNbO6. In the present work, we use a chemical solution
technique to synthesize the novel nanocrystalline ordered mixed transition metal double
perovskites, Ba2TiNbO6 and Ba2TiTaO6. The synthesis technique is a hybrid sol-gel, non-aqueous
synthesis known as gel-collection [12, 13].
We previously reported a simple, green and scalable “self-collection” growth method to
produce uniform morphology and size, aggregate-free colloidal perovskite oxide (ABO3)
nanocrystals

including

x[BaNi1/2Nb1/2O3-]x

BaTiO3,

BaxSr1-xTiO3,

BaSrTiHfO3,

KNbO3,

and

[KNbO3]1-

[13, 14]. The synthetic method is a solution processed, precursor driven

method derived from the sol-gel hydrolysis of metal alkoxides in alcohol solvents such as ethanol.
Stoichiometric amounts of water in the absence of surfactants and stabilizers are added to initiate
hydrolysis under an inert nitrogen atmosphere in a glovebox to reduce the formation of carbonates.
The nanocrystals are shown to have a passivated surface layer of hydroxyl/alkyl groups, which
allow the nanoparticles to exist in a stable transparent sol when sonicated in ethanol, or to selfaccumulate to form a highly crystalline solid gel monolith of 100% yield for easy separation from
solvents. The solvent used leaves no trace amounts of metal cations from the precursor metal
alkoxides and can be reused without any purification [13]. The aim of this study is to adapt gel
collection to the synthesis nanocrystalline Ba2TiNbO6 (BTNO), a novel ordered mixed transition
metal double perovskite.

4.2

Experimental

4.2.1 Synthesis
The nanocrystalline samples of Ba2TiNbO6 (BTNO) and Ba2TiTaO6 (BTTO) were
synthesized using a hydrothermal, sol-gel hybrid synthesis known as gel collection [13]. Barium
metal 99.5% was purchased from Alfa Aesar, Ti(OCH2(CH3)2)4 99.99%, Ta(OCH2CH3)5 99.95%,
and Nb(OCH2CH3)5 99.95%were purchased from Sigma Aldrich, 200 proof ethanol was purchased
from Decon Laboratoris inc. All chemicals were used as purchased without further purification.
The initial part of the synthesis was performed under an inert nitrogen atmosphere in a glovebox.
Ba metal was dissolved in 200 proof ethanol to make a 6 wt.% solution. 1.68 mmol of the Ba
solution was placed in a beaker with 0.25 mL (0.84 mmol) of Ti(OCH2(CH3)2)4 and 0.21 mL (0.84
mmol) of Nb(OCH2CH3)5 or 0.22 mL (0.84 mmol) Ta(OCH2CH3)5 (depending on the synthesis)
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and magnetically stirred for 20 min. A solution of 0.5 mL H2O and 5 mL 200 proof ethanol was
prepared and then added in 0.5 mL additions to the magnetically stirred solution. The clear yellow
solution then became slightly foggy and was stirred for 5 more minutes. The solution was
transferred to a 50 mL centrifuge tube and capped and left in the glovebox overnight to begin the
aging process. The next day, the solution was more viscous as it had begun to form a gel-like
network. The solution was then transferred to a 50 mL Teflon lined stainless steel autoclave. The
autoclave was sealed and heated to 200°C for 48 hrs without stirring. A nanocrystalline white gel
rod formed at the bottom of the solution containing 100 % of the nanocrystal products. The gel rod
was easily separated from the mother solution by pouring off the excess ethanol. It was then
washed 3 times with 200 proof ethanol. The gel rod was then dried overnight under vacuum at
100°C to produce a white nanocrystalline powder. Alternatively, the gel (prior to drying) can be
suspended in 200 proof ethanol for up to 1-2 days.
4.2.2 Characterization
The physical characterization of the nanocrystalline powders were characterized using
powder X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Energy-Dispersive
X-Ray spectroscopy (EDS), X-Ray Photoelectron Spectroscopy (XPS), The XRD measurements
of the dried BTNO powders were performed on a PANalytical X’Pert pro using Cu K radiation.
XPS measurements were recorded on the BTNO powder samples on a Physical Electronics
Versaprobe II XPS. The XPS peaks were fitted using MultiPak v. 9.6.0.15 software. Samples for
the TEM were prepared by dispersing the nanocrystalline powders in 200 proof ethanol and
placing 5 L of the resulting solution on a carbon coated copper TEM grid. TEM and EDS
measurements were recorded on a JEOL 2100 microscope. Raman spectra were collected using a
532 nm laser with a single monochromator (XploRA). The temperature was varied from 30°C350°C for the BTNO sample and from 30°C-300°C for the BTTO sample (Linkham THMS 600).
Measurements of the dielectric constant and the dielectric loss tangent of BTNO and BTTO
were performed on 0-3 nanocomposites of the nanocrystalline powders and poly(furfuryl alcohol)
97% purchased from Sigma Aldrich. The measurements were performed using an Agilent E4980A
Precision LCR Meter. 13 mm diameter pellets of the nanocrystalline powders were pressed. 20 L
of fufuryl alcohol was deposited onto the pellet and allowed to fully infiltrate the void space inbetween grains. The pellets were then heated in furnace to 90°C for 12 hr for the furfuryl alcohol
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to polymerize. MG Chemicals silver conductive epoxy was used in order to make contacts for the
0-3 nanocomposites.

4.3

Results and Discussion

4.3.1 Physical Characterization
Gel collection was applied to the synthesis of BTNO and BTTO in which the powders can
be produced from solvothermal treatment, the XRD of the resulting powders are shown in Fig. 1.
The patterns are show a primary phase resembling a primitive cubic perovskite, of the Fm3m space
group, which is common in double perovskites such as Ba2YTaO6 and Sr2FeMoO6[15, 16]. The
lattice parameter was calculated to be a = 8.03 Å for BTNO from the cubic symmetry and this
agrees well with M. Musa Saad H.-E, whom obtained a lattice parameter a = 8.052 Å using an allelectron full potential linear muffin-tin orbital (FP-LMTO) computational method [2].

Figure 39: Powder X-ray diffraction patterns of BTNO and BTTO.
This lattice parameter is nearly double that of cubic BaTiO3 (BTO), 4.033 Å, as reported
by Zhang et al. [17] in their DFT calculations or experimentally verified by Rabuffetti et al. [18],
4.01 Å. A lattice parameter twice the size of a cubic perovskite derivative is consistent with the
classification of an ordered mixed transition metal double perovskite. This is due to the rock salt
ordering of the B and B’ site transition metals being part of the same unit cell. A shoulder on the
220 peak is observed and is most likely due to BaCO3 formation on the surface of the nanoparticles.
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Size and morphology as well as elemental composition of the nanocrystalline samples were
studied though the use of a JEOL 2100 TEM equipped with an EDS probe. All samples were
observed to be nanocrystalline powders, with average particle sizes of ~20 nm. All samples are
polycrystalline as shown by the selected area diffraction. While aggregation of the particles is
observed, the particles can be suspended in 200 proof ethanol for up to 1-2 days with enough
sonication.

Figure 40: TEM images of BTNO and BTTO: (a) (b) BTNO nanocrystalline powder, (c) (d)
BTTO nanocrystalline powder.
The valence states of the ions present in both BTNO and BTTO were studied by use of
XPS. XPS peaks were analyzed and fitted using MultiPak v. 9.6.0.15 software. The spectra
presented in figures 3 and 4 are from a surface analysis survey and referenced to the C 1s-signal
at 284.8 eV. A broad peak in the 777-783 eV region, a broad Ba 3d5/2 line was observed and fit to
two peaks at 778.95 eV and 779.75 eV, respectively. This fitting agrees well with other BaTiO3
solids of similar size and morphology [19, 20]. The Ba 3d5/2 peak has been deconvoluted into two
peaks showing the -bulk and -surface species of Ba2+ as shown in fig 3 (top left). Because these
are nanoparticles, there is a significant amount of -surface Ba which is evident in the XPS at the
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779.75 eV peak. The fitting of these peaks agrees well with prior work as well as with literature
[21, 22]. Two Ti 2p peaks were observed in the 454-468 eV region as shown below in fig 3 (top
right). The two peaks correspond to the Ti 2p1/2 at 463.35 eV, and the Ti 2p3/2 peak at 427.75 eV
respectively. The fitting of these peaks agrees well with literature [19, 20] and indicates that the
valence state of Ti in the BTNO nanocrystalline powder is Ti4+. The XPS shows two peaks in the
204-212 eV region that correspond to the Nb 3d3/2 and Nb 3d5/2 peaks at 208.95 eV and 206.35 eV
respectively. These peaks are commonly seen in Nb2O5 spectra [23, 24] which is conclusive
evidence that Nb5+ is being incorporated into the double perovskite structure considering only one
crystalline phase is observed in the XRD in fig 1.

Figure 41: XPS of BTNO, (top left) Ba 3d5/2 lines, (top right) Ti 2p lines, (bottom left) Nb 3d3/2
and Nb 3d5/2 lines, (bottom right) O 1s lines.
The O 1s peak was observed in the 526-536 eV region of the spectrum. A well-defined
peak at 529.75 eV was observed, characteristic of metal oxide phase, with a shoulder at 531.35 eV
which is characteristic of a metal carbonate phase. A shoulder is also observed on the 220 peak in
the XRD pattern in fig 1 indicating a presence of BaCO3, which this shoulder in the XPS confirms.
Fig 4 below shows the XPS of BTTO. The Ba 3d5/2 and Ti 2p1/2 and Ti 2p3/2 peaks were fit in the
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same fashion as the BTNO XPS. There are two peaks that were identified to be the Ta 4f7/2 and the
Ta 4f5/2 peaks in the 22-30 eV region. The peak positions were 25.45 eV and 27.25 eV respectively
and correspond to Ta5+ which is to be expected and agrees well with literature [25]. The O 1s peak
was fit similarly to the BTNO XPS, however it was observed that the shoulder at 531.5 eV was
lower in intensity indicating that less BaCO3 is forming in the BTTO sample than the BTNO
sample.

Figure 42: XPS of BTTO, (top left) Ba 3d5/2 lines, (top right) Ti 2p lines, (bottom left) Ta 4f5/2
and Ta 4f7/2 lines, (bottom right) O 1s lines.
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Figure 43: (left) Raman spectra of BTNO nanoparticles at different temperatures ranging from
30-350°C, (right) Raman spectra of BTTO nanoparticles at different temperatures ranging from
30-300°C.
Raman data was collected in the temperature range of 30-350°C for the BTNO nanocrystalline
sample as seen in the figure above. Between the temperatures ranges of 30-290°C Raman active
modes are observed. The presence of Raman active modes indicate a polarizable phase. The two
broad peaks at 513 cm-1 and 737 cm-1 (E(TO) and E(LO), respectively) decrease in intensity rapidly
as the temperature of 310°C is reached. This is indicative of a phase transition from a polarizable
phase to a Raman inactive phase of cubic consistent in previous literature [26]. Weakly Raman
active modes are still observed in the 100-350 cm-1 range and this is due to size of the particles
being on the nanoscale. It is possible that the entire sample may not be at the recorded temperature
indicating that some of the particles may not have transitioned entirely to the cubic phase while
most of them have [26]. This will give a weak and broad Raman signal as observed above 290°C
in the BTNO sample. A similar trend is observed in the BTTO sample albeit at a different
temperature of 270°C. This agrees well with the XRD pattern in figure 39 as the crystalline
structures are very similar due to the ionic radii of Nb5+ and Ta5+ being almost equal.
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4.3.2 Dielectric Measurements
0-3 nanocomposite pellet composed of BTTO or BTNO nanoparticles suspended in
poly(furfuryl alcohol) (PFA) were made in order to study the dielectric properties of BTTO and
BTNO. The prepared samples were pressed pellets of BTTO or BTNO with furfuryl alcohol (FA)
deposited on top of the pellet. The FA was allowed to set and the whole pellet was transferred to
a furnace and heated to 90°C for 12 hr. to allow the FA to polymerize in-situ to PFA. MG
Chemicals silver epoxy was used in order to make electrical contacts on both sides of the pellet.
An Agilent E4980A Precision LCR Meter was used to sweep over the frequency range of 100 Hz
to 2 MHz and measure the capacitance as a function of frequency. The capacitance was then
converted to effective dielectric constant using the following equation:
𝐶 = Ɛ0 Ɛ𝑟

𝐴
𝑑

Where C is the capacitance measured, 0 is the permittivity of free space, r is the effective
dielectric constant, A is the cross-sectional area of the electrodes, and d is the distance between the
electrodes or the thickness of the sample, respectively. The dielectric loss was also measured over
the same frequency range as seen in fig 5.

Figure 44: (a) Effective dielectric constant measurements of the 0-3 nanocomposites of BTNO
and BTTO, (b) Dielectric loss tangents measurements of the 0-3 nanocomposites of BTNO and
BTTO.
As seen in figure 5 the dielectric effective dielectric constants of the 0-3 nanocomposites of BTNO
and BTTO show a decrease as a function of frequency. This gradual decrease as the frequency
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increases is due to space charging, or interstitial charging, possible due to surface absorbance of
water. Conversely, the dielectric loss tangent measurements show a very low value of 0.04 at 1000
Hz reaching as low as 0.02 by 2 MHz indicating a well-insulated nanocomposite due to the in-situ
polymerization of the FA into PFA, thus filling the majority of the void space between
nanoparticles. BTNO has a significantly larger effective dielectric constant in the range of 50-55
compared to BTTO at 41-47. This can be due to Ta having f-shell electrons contributing to a more
lossy nature overall in comparison to Nb d-shell electrons.

Figure 45: (Left) Remanent polarization measurements of pure BTNO nanocrystalline pellet at
different drive voltages in the range of 50V-500V, (right) remanent polarization measurements of
pure BTTO nanocrystalline pellet at different drive voltages in the range of 50V-500V.

Pure pellet capacitors were made by pressing the nanocrystalline powders of BTNO and
BTTO, respectively and the polarization was measured as a function of sweeping electric field in
the figure above. These measurements show a small loop that is more closely compared to a linear
dielectric than a ferroelectric hysteresis loop. This because there is no saturation polarization
reached within the voltage range used. The maximum polarization achieved for the BTNO sample
was 0.0037 C/cm2 and 0.004 C/cm2 for the BTTO sample. This low value of measured
polarization is most likely due to the thickness of the pellet. A thin compact film is more desirable
in this type of measurement because it reduces the amount of void space between particles and this
can give you a more intrinsic understanding of how the particles are polarizing within the external
electric field. Hysteresis is not observed due to the same reason as well as the particles being on
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the nanoscale. Each individual particle is polarizable as seen in the Raman spectra above,
indicating a ferroelectric phase, however to observe a bulk ferroelectric property using electric
field requires the particles to overcome the thermal energy barrier (room temperature) which
randomly orients the particles. This can be overcome by using a thermal stage and reducing the
temperature. The lossy nature of the BTNO sample is due to surface adsorption of H2O and void
space created in the pressing of the pellet. This is why there is a broad separation in the hysteresis
measurement.

4.4 Conclusions

Synthesis of novel mixed transition metal oxide double perovskite nanoparticles of
Ba2NbTiO6 and Ba2TaTiO6 via a modified sol-gel method was achieved at low temperature of
200°C. These particles vary in size from 20-30 nm as seen in the TEM images. X-ray diffraction
patterns index to a cubic Fm3m space group and shows a phase pure nanocrystalline sample. Xray photoelectron spectroscopy indicates that the oxidation states of Nb and Ta are 5+ in each
respective sample which agrees well with the almost identical crystallographic information from
the XRD patterns. This agrees well with the ionic radii of Nb5+ and Ta5+. XPS data shows the
presence of BaCO3 as an impurity which is on the surface of the nanoparticles and in sparse
quantities. Raman spectra were collected using a 532 nm laser in the temperature ranges of 30350°C. Raman active modes are observed in the temperature range of 30-290°C for the BTNO
nanocrystalline sample and 30-270°C for the BTTO nanocrystalline sample. This is indicative of
a polarizable phase within the crystalline lattice as these Raman active modes are phonon modes
(collective vibrations of the entire crystalline lattice). These Raman modes significantly reduce in
intensity above 290°C for the BTNO sample and above 270°C for the BTTO sample. This is a
clear phase transition to a cubic phase which is not Raman active due to symmetry.
0-3 nanocomposites were made of the BTNO and BTTO samples and PFA. These
nanocomposites were observed to have highly stable dielectric constants across a wide range of
frequencies (200 Hz- 2 MHz). The nanocomposites also were observed to have low dielectric loss
(<0.05) which is highly desirable for device integration. Remanent polarization measurements of
pure nanocrystalline pellets of BTNO and BTTO did not show ferroelectricity, which its lack is
attributed to size effects and the thickness of the pellets. In future work, more attention will be
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given to suspension of the nanocrystalline powders in solution in order to spin coat thin films of
the nanocrysalline powders.

4.5
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5 Conclusions and Outlook
Throughout this dissertation, 3 nanocrystalline perovskite oxide material systems were
presented, in part to show the wide variety that the perovskite crystal structure holds, but also in
part to demonstrate a novel way of synthesizing these materials through the modified sol-gel
method that the O’Brien lab has aptly named, “gel-collection”. The physical structural properties
of these materials were explored as a function of doping concentration in the KNbO3 and BaTiO3
materials. The dielectric properties were studied for all three materials as well.
With a thorough characterization of these materials it is possible to postulate about the
future of the field that they reside in. All three of these materials are in the perovskite oxide family
of crystal structures and provide to some extent, two or more interesting properties in a single
phase. For the KNbO3 based material and KBNNO (chapter 2), the two properties that were paired
together were a low band gap (in the visible region) and thus visible light absorption capabilities
coupled with the ferroelectricity of the orthorhombic crystal structure of KNbO3. For the Fe doped
BaTiO3 study (Chapter 3), the concentration of Fe3+ in the unit cell had an influence over the
ferromagnetism exhibited by the material coupled with the ferroelectric nature of BaTiO3. The
final material (chapter 4), a novel double perovskite system, Ba2TiNbO6 and Ba2TiTaO6, were not
necessarily multifunctional in nature, but show the versatility of the gel-collection synthesis
method and open up the door to the synthesis of double perovskites in the future, possible
combining ferromagnetic elements such as Fe, Ni, and Co with the known ferroelectric nature of
BaTiO3.
The end goal for all these materials is some sort of device integration in electronics.
Dielectric properties were studied to great extent throughout this dissertation as these perovskite
oxides are all electrically insulating. This leads to the possibility of being integrated into a linear
capacitor. Commonly, the synthesis of these types of materials results in a high temperature
calcination step (>1000°C) which is not suitable for the assembly of some electronic devices that
a highly stable dielectric constant is useful for. Temperature is one factor, but another factor is
physical compatibility. A common physical property of perovskite oxides is that after the high
calcination temperature step, the resulting product is a powder, most commonly a white powder
(depending on the composition). This results in another (sometimes more than one) processing
step which can complicate things. In chapter 3, it was shown that the Fe doped BaTiO3 was highly
129

dispersible in a wide variety of organic solvents which lends itself to creating thin films very easily
through spin coating. This can easily be integrated into an electronic device as we move towards
the miniaturization of devices and device components. This provides a low cost and sufficient
route to device integration.
The goal is to make a highly versatile material in terms of device integration that also has
the desirable properties such as high dielectric constant and low dielectric loss. This can be a
difficult goal to achieve as shown in the previous chapters of this dissertation and by many
scientists in the field. By making nanocrystalline materials, the properties change and sometimes
not in a desirable way. Chapter 2 is a great example of this coming to light (no pun intended).
When KNbO3 is doped with Ni and Ba to make KBNNO the band gap of the material is said to
change to allow the material to absorb visible light while maintaining its ferroelectric nature
according to Spanier et. al. While this may be true of the bulk single crystal, the material discussed
in chapter 2, while maintaining the same crystalline structure as previously reported, did not absorb
visible light due to the size of the crystallites, but maintained its polarizable nature as shown by
Raman spectroscopy.
Chapter 3 is another example of this as well in that because the materials were on the
nanoscale there was no way for them to overcome the temperature energy barrier to polarize or
magnetize at room temperature in order to see some sort of net magnetization or polarization in an
external magnetic or electric field. An individual nanoparticle of these materials in isolation may
in fact be a room temperature multiferroic material, but as a whole, there is too much random
orientation of the nanoparticles to have the desirable net results. Balancing the properties that the
nanoscale provides such as making a material dispersible in different solvents with the bulk
properties of a material is crucial when designing materials for the future.
As with all scientific projects there is no true end, and thus this dissertation is no different
and is an open discussion. I can only hope that the work discussed in this dissertation is of value
to the scientific community.
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6 Appendix A
Supporting information for Synthesis and dielectric properties of nanocrystalline oxide
perovskites, [KNbO3]1-x[BaNi0.5Nb0.5O3-]x, derived from potassium niobate KNbO3 by gel
collection
6.1 Rietveld Refinement

Figure A1: Rietveld refinement of KNbO3 (KNO) heated to 525 oC. The refinement was
performed on the program GSAS-II1.
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Figure A1.1: Rietveld refinement of KNbO3 (KNO) heated to 525oC regions 2 = 40-60 (left)
and 2 = 40-50 (right) using GSAS-II1,2.

Table A1: Unit cell parameters of KNbO3 (KNO) as calculated from Rietveld refinement using
GSAS-II1.

Crystal Structure:
Space Group:
Unit Cell Dimensions
a (Å)
b (Å)
c (Å)
Atomic Coordinates
Nb
K
O1
O2
Rwp
2

KNbO3 (KNO)
Orthorhombic
Amm2
3.99323
5.68794
5.70066
x
0.00007
0.5
0.5
0
9.90 %
3.2

y
0
0
0
0.24485

z
0.00977
0.51226
0.06044
0.27374
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6.2 Structural Characterization

Figure A2: XRD of KNbO3 samples that were calcined at (a) 525oC, (b) 700oC, and (c) 900oC.
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6.3 Synthesis Mechanism
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Figure A3: Schematic of the mechanism of the hydrolysis reaction producing nanocrystalline
KBNNO and KNO through the gel collection method.

6.4 Elemental Characterization

Figure A4: Elemental analysis EDS spectrum of KNbO3 by TEM equipped with an EDS system.
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Table A2: Elemental analysis weight % calculation of KNbO3 by TEM equipped with an EDS
system.
Element
Line Type
K Factor
Absorption
Wt %
Wt % Sigma
Correction
C
K Series
2.76943
1.00
28.70
0.61
O
K Series
2.01995
1.00
19.43
0.34
K
K Series
1.00867
1.00
19.99
0.28
Nb
K Series
3.85651
1.00
31.89
0.53
Total:
100.00

Figure A5: Elemental analysis EDS spectrum of KBNNO x = 0.1 by TEM equipped with an
EDS system.
Table A3: Elemental analysis weight % calculation of KBNNO x = 0.1 by TEM equipped with
an EDS system.
Element
Line Type
K Factor
Absorption
Wt %
Wt % Sigma
Correction
C
K Series
2.76943
1.00
62.26
0.30
O
K Series
2.01995
1.00
12.89
0.17
K
K Series
1.00867
1.00
0.89
0.03
Ni
K Series
1.16381
1.00
0.02
0.02
Cu
K Series
1.24676
1.00
7.15
0.07
Nb
K Series
3.85651
1.00
1.40
0.09
Ba
K Series
2.05639
1.00
15.39
0.21
Total:
100.00
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Figure A6: Elemental analysis EDS spectrum of KBNNO x = 0.2 by TEM equipped with an
EDS system.

Table A4: Elemental analysis weight % calculation of KBNNO x = 0.2 by TEM equipped with
an EDS system.
Element
Line Type
K Factor
Absorption
Wt %
Wt % Sigma
Correction
C
K Series
2.76943
1.00
10.22
0.56
O
K Series
2.01995
1.00
14.97
0.30
K
K Series
1.00867
1.00
13.25
0.21
Ni
K Series
1.16381
1.00
0.79
0.07
Cu
K Series
1.24676
1.00
16.80
0.26
Nb
K Series
3.85651
1.00
30.86
0.51
Ba
L Series
2.05637
1.00
13.11
0.32
Total:
100.00
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Figure A7: Elemental analysis EDS spectrum of KBNNO x = 0.3 by TEM equipped with an
EDS system.
Table A5: Elemental analysis weight % calculation of KBNNO x = 0.3 by TEM equipped with
an EDS system.
Element
Line Type
K Factor
Absorption
Wt %
Wt % Sigma
Correction
C
K Series
2.76943
1.00
2.75
0.15
O
K Series
2.01995
1.00
13.42
0.11
K
K Series
1.00867
1.00
9.26
0.06
Ni
K Series
1.16381
1.00
0.30
0.02
Cu
K Series
1.24676
1.00
38.21
0.15
Nb
K Series
3.85651
1.00
22.71
0.17
Ba
L Series
2.05639
1.00
13.36
0.12
Total:
100.00
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6.5 Topological Characterization

Figure A8: TEM micrograph of KNbO3 and KBNNO x = 0.1-0.3. (a) KNbO3, (b) KBNNO x =
0.1, (c) KBNNO x = 0.2, (d) KBNNO x = 0.3.
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6.6 Polymerization of Furfuryl Alcohol

Figure A9: Proposed mechanism for the polymerization and chain extension of furfuryl alcohol
resins in the presence of nanoparticle surface groups.
6.7 Error Propagation
Depending on whether addition/subtraction or multiplication/division of measured values
with uncertainties is involved, separate formulas for error propagation must be used. In all cases
uncertainty is rounded to one significant figure. For addition/subtraction:
𝑧 =𝑥+𝑦+⋯
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Where z is the calculated value, x, and y are the measured values with uncertainties. The
ellipsis represents the possibility adding/subtracting more than only two measured values. The
error in the calculated value can be determined using the following equation:
∆𝑧 = |∆𝑥| + |∆𝑦| + ⋯
Where Δz is the calculated error, Δx, Δy, are the uncertainties in measurement.
For mutliplication/division:
𝑧 = 𝑥𝑦
and
𝑥
𝑧=
𝑦
Where again, z is the calculated value and x, y, are the measured values with certain
uncertainties.
∆𝑧 ∆𝑥 ∆𝑦
=
+
+⋯
𝑧
𝑥
𝑦
The ellipsis here represents the possibility of multiplying/dividing more than only two
measured values. Note that when calculating a value using multiplication by an exact number
(i.e. a non-measured number) the uncertainty is multiplied by the same number.
6.8 Dielectric Calculations
In order to calculate the effective dielectric of a pellet or thin film capacitor, the
rearranged capacitance formula can be used:
𝐶∗𝑑
(𝜀0 ) ∗ (𝐴)
Where C is the capacitance in farads, A is the area of overlap between capacitor
𝜀𝑒𝑓𝑓 =

electrodes, εeff is the effective dielectric, ε0 is the electric constant (8.854E-12 F/m) and d is the
separation between the plates.
The measured values here consist of C, d, and A. C is measured using the LCR
impedance analyzer, while d and A are both measured using a caliper. The uncertainties can be
written as follows:
∆𝑑 = 0.01𝑚𝑚
2∆𝑟
∆𝐴 =
∗ (𝐴)
𝑟
∆𝑟 = 0.01𝑚𝑚
∆𝐶 = 0.05%3
For the samples measured in these experiments (pellet capacitors of KNO, KBNNO x =
0.1, x = 0.2, and x = 0.3) instrumental capacitance measurements from the LCR range on the
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order of pico-farads. Therefore, the instrument uncertainty in capacitance would range from 5E-4
to 5E-2 pico-farads. Averaged values for measurements of pellet capacitors are here listed:
Table A6: Average values for thickness (d) of pellet, radius (r) of top electrode, and area (A) of
electrode for KNbO3, and KBNNO x = 0.1-0.3 samples.
Sample
d (mm)
r (mm)
A (mm2)
KNO
0.13
0.64
1.29
KBNNO x = 0.1
0.13
0.60
1.13
KBNNO x = 0.2
0.12
0.73
1.67
KBNNO x = 0.3
0.12
0.67
1.41
Since the average capacitance changes depending on frequency and reporting an average
capacitance from each frequency point is inordinate, instead it is here proposed that the
capacitance ranges from 1 to 100 pico-farads. Using these averaged numbers for KNO as an
example, it can be shown that even at 100 pico-farads, the uncertainty in capacitance
measurement is negligible when calculating the error in εeff:
∆𝜀𝑒𝑓𝑓 ∆𝐴 ∆𝑑 ∆𝐶
=
+
+
𝜀𝑒𝑓𝑓
𝐴
𝑑
𝐶
∆𝐴 2∆𝑟
=
= 0.03
𝐴
𝑟
∆𝑑
= 0.076
𝑑
∆𝐶
= 5E-4
𝐶
The contribution of the uncertainty in capacitance is orders of magnitude smaller than
even the second largest value (the area’s contribution), even at the highest capacitance range
(100 pico-farads). It is possible to neglect this capacitance contribution without significantly
altering the calculated uncertainty in εeff. Therefore, the uncertainty in Δεeff can be calculated as
the sum of ΔA/A + Δd/d:
∆𝜀𝑒𝑓𝑓 = (0.10) ∗ (𝜀𝑒𝑓𝑓 )
Note that the value of (0.10) is the error for KNO and this value changes per sample.
Recall that uncertainties should have one significant figure and so the final calculation should
reflect that.
The frequency dependent dielectric measurement can therefore be plotted for each
sample with an accurate representation of the uncertainty of a capacitance derived calculation,
due to the uncertainties in sample area and thickness. (See plot below)
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Figure A10 Effective dielectric constant as a function of frequency for 0-3 nanocomposites of
KNbO3/PFA, KBNNO x = 0.1/PFA, x = 0.2/PFA, and x = 0.3/PFA with error bars included.
6.9 Volume Fraction Calculations
In order to calculate the volume fraction, the effective density (ρeff) must be determined
and compared to the theoretical density (ρ). The theoretical density changes on which material we
are studying in question. The theoretical density was calculated by first taking the standard unit
cell of KNO and calculating density, using atomic packing factor calculation. Since the precise
unit cell of KBNNO (atomic coordinates, unit cell parameters etc.) is unknown, the theoretical
densities of KBNNO (x= 0.1 to 0.3) were derived from the KNO unit cell, with substitutions for
Ba and Ni at the K and Nb respectively, with solid solution cation substitution.
For KNO, KBNNO x = 0.1, x = 0.2, and x = 0.3:

Table A7: Densities of the unit cells of KNO, and KBNNO x = 0.1-0.3.
Sample
(g/cm3)
KNO
4.61
KBNNO x = 0.1
4.82
KBNNO x = 0.2
5.03
KBNNO x = 0.3
5.23
The formula for the effective density is as follows:
𝜌𝑒𝑓𝑓 =

𝑚
𝑉
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Where m is the mass of the pellet, and V is the volume. These parameters are measured
experimentally and have uncertainties:
∆𝑚 = 0.0001 g
∆𝑉 2∆𝑟 ∆ℎ
=
+
𝑉
𝑟
ℎ
∆𝑟 = 0.01 𝑚𝑚
∆ℎ = 0.01 𝑚𝑚
Where h is the thickness of the pellet. The uncertainty in ρeff can be calculated using:
∆𝜌𝑒𝑓𝑓 ∆𝑉 ∆𝑚
=
+
𝜌𝑒𝑓𝑓
𝑉
𝑚
With values for r and m:
𝑟 = 6.36 𝑚𝑚
𝑚 ~ 0.0511 𝑔
Finally, this effective density is compared to the theoretical density to give the volume fraction
of filler in any given pellet:
𝜌𝑒𝑓𝑓
𝜌
If we treat the theoretical density as an exact number, the uncertainty in effective density is:
∆𝜌𝑒𝑓𝑓
∆𝜐𝑓 =
𝜌
𝜐𝑓 =

Once the uncertainty in effective density is calculated, the Kerner model values can be
calculated with an error margin adjustment to account for uncertainty in the combined volume
fractions of host/filler. See main article for results.
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